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It has been shown (Devoret and George, 1967; Monk, 1969) that 
introduction of an ultraviolet-irradiated plasmid into a host bacterium 
can result in induction of prophage A in a A lysogen, or suppression 
of cell division in a non-lysogen. In this thesis, the effect on cell 
division has been further studied. 
Irradiated P1 bacteriophages were used to infect cells of 
Eacherichia coli 1(12 carrying the uvrA mutation. Such cells are unable 
to excise pyrimidine dimers from DNA. The dimera induced in the phage 
genome by ultraviolet irradiation (Setlow, 1964) were measured by 
paper chromatography (G(nther and Prusoff, 1967). Inhibition of cell 
division was studied with respect to the effects of nutrients and host 
cell cycle on expression. Attempts were made to demonstrate 
replication of the damaged phage particle by differential radioactive 
labelling and density shift experiments. Autoradiography was used to 
determine the position of the damaged plasmid in the filament which it 
induced, and also the position of the call chromosome strands which 
were present at the time of infection by the phage. The damaged phage 
was found to be located in the centre of the filament; this was not 
found when the phage was undamaged or subjected to phage repressor 
immediately on infection. The segregation pattern of host chromosomes 
differed from that found in penicillin-induced filaments. Cell 
membranes of P1-induced filaments, and control, uninfected, cells were 
examined by polyacrylamide gel electrophoresis (Laetmnli, 1970; 
Lutkerthaus, 1977). The outer membrane of the filaments showed a 
changed profile, including a novel protein of molecular weight (Weber 
and Osborn, 1969) 53,000 daltons. 
The results are discussed in terms of two models, the SOS hypothesis 
(Radman, 1974) and the blocked replicon hypothesis (Donachie, 1974). 
The predictions of the blocked replicon hypothesis are fulfilled. 
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INTRODUCTION 
Cell, division is a highly complex process which, despite 
extensive investigations over many years, has remained ill-understood. 
Cell numbers can increase only by division of existing units; it is 
obvious, therefore, that organisms will be at an evolutionary 
advantage if they have developed ways of reproducing themselves 
rapidly and accurately. Proliferation requires that each daughter 
cell contain genetic material identical in size and sequence to that 
of the parent. It is of great interest, then, to attempt to 
elucidate the mechanisms by which a cell can fulfil these requirements. 
An ideal organism with which to study cell division and deoxy-
ribonucleic acid (DNA) replication is one which undergoes these 
processes with a high frequency. The obvious candidate on the basis 
of this criterion is a bacterium, as bacteria can divide every 20 
minutes under good environmental conditions. It is true that there 
exist eukaryotic organisms, such as yeasts, which are also able to 
multiply relatively rapidly. However, prokaryotes are simpler, and 
their molecular biology is very much better defined than that of 
eukaryotes; although the latter are now beginning to enjoy success 
as experimental tools, prokaryotes were initially the most popular 
and useful material. 
Much of the early work on DNA replication and cell division was 
performed, therefore, using bacteria. A summary of the work to data, 
together with brief resumes of other topics related to this thesis, 
will be presented. 
One of the first attempts to treat the subject of cell division 
in a mathematical way was by Parrot (1958), who derived equations 
which showed independence between cell doubling time and time of 
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nuclear division at any growth rate, using methods of continuous 
culture characterised by Monod (1950) and Novick and Szilard (1950). 
In two classic papers, Schaechter et al (1958; Kjeldgaard et al, 
1958) made a study of increase of mass and nucleic acids at different 
growth rates and during a step-up. Campbell (1957) defined "balanced 
growth" as the case when during a given time interval every "extensive" 
property of the system increased by the same factor; this was taken 
as a guide-line for all subsequent work, and parameters were only 
measured under such conditions (except, of course, for shift 
experiments, when the rate of change of parameters was under 
consideration). The experiments of Maa1e, Schaechter and Kjeldgaard (above) 
were carried out using Salmonella typhimurium; however, because of 
the extensive work at the same time on the genetics and mutability 
of Escherichia coil, this was soon taken to be the organism of choice 
for molecular biology. This opinion was reinforced in 1963 with the 
publication of autoradiographs of the entire E.coli chromosome 
(Cairns, 1963). This revealed the genome to be a single DNA duplex, 
1100 to 1400 pm in length, with a molecular weight of about 2.8 x lO 
daltons. Gram positive organisms, such as Bacillus species, also 
maintained a certain degree of popularity, not least because germination 
from spores afforded synchronous initiations of replication. 
Meseison and Stahl (1958) had shown that DNA replicates semi-
conservatively. For a long time it was not known whether such 
replication was sequential along the chromosome from one starting 
point, or whether it occurred at many, randomly oriented sites. 
Nagata (1963) using E.coli, and Yoshikawa and Sueoka (1963) with 
B.subtilia, showed replication to be sequential. The experiments of 
Yoshikawa and Sueoka involved measurements of gene frequency along a 
replicating chromosome: genes near the origin of replication would 
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be replicated before genes at the terminus, if replication proceeded 
from a fixed origin, and would be expected (and were found) to exist 
in the ratio of 2:l in this situation. However, at high growth rates 
the ratio was found to be 4:1. This implied that a second round of 
replication had started before the first had finished. This was 
termed dichotomous replication. The existence of a fixed origin was 
also demonstrated by Lark et al (1963), who further showed that 
replication was effected by movement along the chromosome of growing 
points, termed "replication forks". Fixed origins of replication 
were also demonstrated in eukaryotic cells by Huberman and Riggs 
(1968). In such cells dichotomous replication does not normally 
occur as DNA synthesis occupies only a small part of the cell cycle. 
The first model for control of DNA synthesis and chromosome 
segregation was the Replicon hypothesis of Jacob and Brenner (1963). 
A replicon was defined as any genetic element which could replicate 
autonomously. Such a piece of DNA would carry a structural gene 
coding for a diffusible initiator, and an operator of replication 
upon which the initiator would act, allowing replication of the DNA 
attached to the operator. It was further proposed that the operator 
should be attached to the cell membrane: when it was replicated, the 
"new" operator would also attach in an adjacent position. Growth of 
the membrane between the two attachment sites would result in 
segregation of the two daughter chromosomes. Support for this model 
appeared to be provided in electron micrographs by Ryter (1964) which 
were interpreted as showing nuclear material attached to the cell 
membrane via mesosomes in B.subtilis. This notion of membrane 
attachment will be described more fully later. 
The autoradiographs of Cairns (1963) were interpreted as 
showing replication in one direction only from a fixed origin. 
MW 
However, the results could equally well be taken as implying bidirectional 
replication. Masters and Broda (1971) obtained results, based on P1 
transduction frequencies of different markers, which suggested that 
in fact bidirectional replication was usual in E.coli, and allowed 
the position of the origin to be estimated. Bird et al (1972) 
supported this, but their results put the origin in a slightly 
different position. Indeed, the location of the origin is a question 
which has still not been resolved definitively. Autoradiographic 
evidence confirming the bidirectionality of replication Came from 
Prescott and Kueinpel (1972). 
The mechanics of replication were somewhat more difficult to 
visualise. In order for the replication fork to progress along the 
double helix of DNA, generating two new double helices behind it, 
unwinding of the helix must occur. The torsion generated by this 
unwinding would be enormous, and would probably be sufficient to atop 
the unwinding (Levinthal and Crane, 1956), and therefore replication, 
unless some way were found of relieving it. This could occur by the 
introduction of nicks, i.e.: single-strand breaks, into the DNA, or 
by the existence of some kind of swivel apparatus, possibly at the 
replication origin (Levinthal and Crane, 1956). Proteins which can 
dissociate DNA into single strands, such as the T4 gene 32 protein 
(Alberta, 1968) have also been invoked. Recently, an enzyme, DNA 
gyrase (Gellert at al, 1976) has been isolated which can introduce 
negative supercoil.s into relaxed closed circular DNA, and which might 
therefore be thought capable of unwinding positive supercoils for the 
purpose of replication. As an alternative to mechanisms requiring a 
swivel, Gilbert and Dressler (1968) proposed the rolling circle model 
of replication. However, in view of dichotomous replication it seems 
unlikely that this model (which predicts that only one origin can 
reinitiate) holds for bacteria, although its involvement in phage 
replication is possible (Dressier, 1970). A model for replicating 
linear DNA, the rolling hairpin model, has recently been proposed by 
Tattersall and Ward (1976); however, the mechanism by which a 
circular chromosome replicates has yet to be demonstrated. 
The biochemistry of DNA replication in E.coli, although complex, 
is now relatively clear in some of its aspects. DNA chains are anti-
parallel, and addition of nucleotides to a nascent chain by a DNA 
polymerasa has never been observed in the 3' + 5' direction. Okazaki 
et al (1968) showed that in fact synthesis along the 5' + 3' strand 
(and, indeed, along the 3' + 5' strand) is discontinuous, and the new 
chain is always made in the 5' + 3' direction. Okazaki fragments 
are initiated from an RNA primer (Sugino at al, 1972); synthesis of 
the new chain is then effected by DNA polymerase III (ornberg and 
Getter, 1972). The RNA primers are then removed and the gaps filled 
with new DNA by DNA polymerase I (Roychoudry and Kossel, 1973; 
Westergaard at al f 1973). The final nicks are joined with poly-
nucleotide ligase (Gellert, 1967). 
DNA synthesis itself, then, has been extensively studied, but 
the mechanism of its coordination with the cell cycle is less clear. 
It was shown in some of the earliest work (Sillen, 19517 Goldstein 
et al, 1954; Barner and Cohen, 1959; Maale and Banawalt, 1961) that 
E.coli cells starved for amino acids could terminate the current 
round of replication but could not initiate a new round. Thus there 
was some relationship between cell protein and initiation. Further, 
if DNA synthesis was stopped while protein synthesis continued, several 
replication points (the precise number depending on the length of 
time of DNA inhibition) were initiated when DNA synthesis was allowed 
to resume. This was the case whether DNA synthesis was stopped with 
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thymine starvation (Pritchard and Lark, 1974), UV irradiation (Hewitt 
and Billen, 1964 and 1965) or nalidixic acid treatment (Boyle eta]., 
1967). If this observation is considered in conjunction with 
dichotomous replication at high growth rates, the implication is that 
initiation seems to be the end product of an accumulation of proteins 
(Clark and Maale, 1967; Helmstetter et Al, 1968); the amount of 
"initiator" was later shown to be the same in all physiologicsl states 
(Donachie, 1968; Donachie and Masters, 1969). 
Bird and Lark (1968) showed that the replication forks took 
40 minutes to traverse the length of the chromosome. Helinstetter 
et a]. (1968) made extensive studies of the kinetics of replication and 
showed that in addition to the 40 minute replication time, the C time, 
there was a further period, the D time, which was required to elapse 
before division could occur. With doubling times up to 60 minutes 
the C time was approximately 40 minutes and the D time approximately 
20 minutes; with doubling times longer than 60 minutes the C time 
was two thirds of the cycle and the D time one third. Helmatetter 
and Pierucci (1968) and Clark (1968) showed that cell division itself 
is independent of a new round of replication, but if termination of 
that round is prevented, division is inhibited; however, the 
terminal steps in the division process can take place in the absence 
of DNA synthesis. This is true only of wild-type E.coli; mutants 
have been described in which cell division no longer depends upon 
termination of DNA synthesis (Rirota et a]., 1968; Inouye, 1969 and 
1970). Such mutants have also been reported in Salmonella typhimurium 
±kym ;he- vtarve4  
(Spratt and Rowbury, 1971). In B.subtiljs thewild-type exhibits this 
phenotype (Gross eta]., 1968; Donachie eta]., 1971). 
These observations were summed up in a model by Jones and 
Donachie (1974), where the important factor was a critical cell mass, 
MAC 
termed initiation mass. Attainment of this triggered two parallel 
processes, one of DNA replication, which lasted 40 minutes, and the 
other of synthesis of "division proteins". The final stages of 
protein synthesis could not occur until termination of DMA replication. 
"Division proteins" could be envisaged as comprising, for example, 
septum proteins (but see below). The precise mechanism by which 
initiation mass triggered these two pathways was undefined: it could 
be a positive control, as proposed by Jacob and Brenner (1963), or a 
negative control of the type proposed by Pritchard (1968; Pritchard 
at al, 1969), where an inhibitor of initiation, produced in a burst 
immediately after initiation, would prevent further initiations until 
it was diluted, by growth of the cell, beyond a critical level. 
The observations that a period of protein synthesis was 
required at the end of the chromosome replication led to a search 
for "termination associated proteins" (Jones and Donachie, 1973 and 
1974). However, two-dimensional electrophoresis of whole cell, whole 
membrane and outer membrane proteins of synchronous cultures of E.coli 
has failed to reveal any protein synthesised in a burst at termination, 
or indeed at any other time of the cycle (3.?. Lutkenhaus, personal 
communication). Churchward and Holland (1976) have found a membrane 
protein which is incorporated at a specific time, although its 
synthesis occurs throughout the cycle. James (1975) has proposed that 
protein G, an outer membrane protein, could function in a cell division 
regulatory capacity. A reduced rate of incorporation leads to inability 
of the cell to elongate; an enhanced rate leads to inability to 
septate (James, 1977). 
A tacit assumption made by many workers in the field is that 
DNA replication and chromosome segreation involve attachment of the 
DNA to the cell envelope. To appreciate the implications of this, a 
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clear understanding of the structure and growth of cell envelopes 
is necessary. The outer barrier of Gram negative organisms is a 
complex structure, consisting of, from outside to inside, an outer 
membrane containing lipoprotein and lipopolysaccharide, a layer of 
peptidoglycan which is thought to be responsible for maintaining the 
shape of the cell, and an inner cytoplasmic membrane of lipoprotein. 
In Gram positive bacteria, where cell envelopes are much more easily 
characterised and visualised, the cytoplasmic membrane can be seen 
by electron microscopy to form inward convolutions, termed mesosomes. 
These are the site of much enzymatic activity, and electron micro-
graphs suggest there may be contact between mesosomes and the nuclear 
material in these  organisms (Ryter and Jacob, 1964). Attempts have 
also been made to show this in E.coli (Ryter et al, 1968; Pontefract et al, 
1969) but it must be noted that electron micrographs are easily 
misinterpreted, and evidence from them alone cannot be conclusive. 
The subject of mesosomes and their role has been reviewed by Greenawalt 
and Whiteside (1975). Growth of the cell envelope has been extensively 
studied to determine whether zonal growth at the centre of the cell, 
which would provide a means of chromosome segregation (Jacob et al, 
1963), does in fact occur, or whether growth is by random intercalation 
of new material (Beachey and Cole, 1966). Donachie and Begg (1970) 
proposed a model for growth, based on envelope sites sensitive to 
penicillin, which suggested polar growth by a "unit cell", initially 
from one pole, then, after attainment of a certain length, from the 
other pole. Thus, at low growth rates growth could be unidirectional, 
while at high growth rates it would be bidirectional because appearance 
of the new "pole" with its growth site would occur before division, 
creating a zone of growth in the centre of the cell. Other work (Leal 
and Markovitch, 19711 Begg and Donachie, 1973 and 1977), on T6 receptor 
sites in the outer membrane caused this model to be modified such that 
attainment of two unit cell lengths would give two zones of growth at 
opposite poles of the new units. Thus growth in larger cells would be 
bipolar, not central. Growth at a limited number of sites together with 
some degree of conservation has also been suggested by results from 
Autissier and coworkers (1971a, 1971b, 1972), who studied segregation 
of galactose permease molecules in the cytoplasmic membrane. However, 
different results were obtained by Hirota at al (1974), who studied 
the incorporation of diaminopimelic acid (DAP) into the peptidoglycan 
layer. This is initially into a narrow band in the cell centre; the 
molecules are then translocated to other sites throughout the cell 
envelope. Inhibition of DNA synthesis prevents this localised 
incorporation, suggesting that the band may be a site of future 
division; however it does not prevent overall growth, suggesting that 
the localised incorporation is not essential. It would thus appear 
that the different layers of envelope may have different modes of growth. 
Higgins and Shockman (1970) have shown that in Streptococcus 
faeca].is growth proceeds by extension of a nascent cross-wall which 
is prevented from actually forming a cross-wall by the internal pressure 
of the cell. Pritchard has proposed a linear-log model for growth in 
E.colj based on this observation (Pritchard, 1974). It assumes that 
the rate of wall synthesis, which is linear, undergoes a discrete 
doubling at some point in the cell cycle (Hoffman at al, 1972). As 
mass increases exponentially, the internal hydrostatic pressure will 
vary throughout the cell cycle, and it is this variation which allows 
septation. Furthermore, the hypothesis may also explain why cell 
diameter, which is constant at any one growth rate, can vary with 
growth rate (Donachie, Begg and Vicente, 1976). 
There have been many attempts to demonstrate physical and 
chemical attachment between DNA and the cell envelope (see Liebowitz 
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and Schaechter, 1975, for review). Much of the experimentation 
involved isolation of "membrane-bound" and "membrane-free" DNA under 
a variety of conditions for cell lysis (e.g.: Earhart at al 1968; 
Tremblay at al, 1969; Stonington and Petti:john, 1971; Worcel and 
Burgi, 1974; Grossman and Ron, 1975). However, Xorch (1976 and 
personal communication) has made an extensive study of the effect of 
varying conditions of lysis and physiological states on the degree 
and significance of envelope-DNA association. His results cast some 
doubt on the validity of much of the previous work, but he concludes 
that the bacterial chromosome can be isolated in association with the 
cell envelope throughout the cell cycle. Upon termination of 
replication the daughter chromosomes segregate, and this segregation 
is blocked by amino-acid starvation (Icorch, 1976; Marunuchi and 
Messer, 1973). The implication is, then, that the nucleoid is 
permanently attached to the envelope which plays a pert not only in 
chromosome replication but also in segregation of the daughter 
chromosomes. However, this should not be considered as hard fact 
(Meijer, 1976). 
The question of chromosome segregation is itself complex. It 
can be visualised as random, where the probability of one daughter 
chromosome segregating into either daughter cell is 0.5, or non-random, 
where there is a distinct preference for one or other daughter cell; 
the non-random pattern may or may not be followed through successive 
generations. If chromosome segregation is membrane mediated, then 
information about segregation patterns might provide insight into the 
mode of membrane growth. To determine precise segregation patterns it 
is necessary to know the phase of chromosome replication at the 
start of the experiment, and to be able to follow the progeny cells, 
knowing their ancestry, for several generations (Pierucci and 
Zuchowaki, 1973). These workers performed meticulous experiments 
which fulfilled these criteria: however, their results were somewhat 
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ambiguous. It would appear that one strand of DNA becomes permanently 
attached to the membrane the first time it is used as a template, and 
segregates as if attached to a pole. Results from Lark et al (1967) 
suggest that a similar situation may occur in B.subtilis, but in this 
organism either strand could attach, whereas Pierucci and Zuchoweki's 
results implicate strand polarity-dependence of attachment. Cooper 
and Weinberger (1977) have shown that randomness of segregation 
increases with growth rate. They suggest that there is a probabilistic 
segregation of one strand in the same direction as it segregated at 
the previous division, the "strand inertia" model. This, as well as 
the Pierucci-Zuchowski model with a modification based on the growth 
rate effect, could explain observed segregation patterns. The 
mechanism of this type of segregation could be explained by proposing 
a membrane attachment which is normally permanent but which can on 
occasion be broken, or a permanent attachment together with "fluidity", 
i.e.: translocation of certain areas of the membrane. This latter 
might explain the variation of randomness with growth rate, as 
fluidity has been found to vary with growth medium (Singer, 1974). 
Studies of DNA replication have been complicated by the fact that 
chromosome replication is not the only cause of DNA synthetic activities 
in the cell. Repair synthesis also occurs, and although by comparison 
the amount is small, it seems to be consistent, and plays an important 
part in the maintenance of genome integrity. This integrity is 
breached not only as a result of insult by chemical or photochemical 
agents, but also by recombination which involves enzymatic breakage 
and reunion (Whitehouse, 1965; Holliday, 1964). The enzymes involved 
in repair synthesis are believed to be DNA polymerases I (Kelly it al, 
1969) and possibly II and Ill (Masker et al, 1973; Young and Smith, 
1973), and polynucleotide ligase (Pauling and Hamm, 1968). There are three 
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principal pathways of repair in E.coli. The first is photoreactivation, 
where thyinine dimers caused by UV-irradiation, which block the progress 
of the replication fork (Setlow, 1964), are split by a photor.activating 
enzyme in the presence of visible light (Kelner, 19491 Goodgal at al, 
1957). This is the only pathway which is light-dependent, and it is 
specific for damage which causes thymine dimers. The second 
mechanism is known as excision repair (Satlow and Carrier, 1964; 
Boyce and Howard-Flanders, 1964). This involves excision of the 
damaged area of genozne, with a few undamaged bases on either side, 
PJ4 poly ,nerase I 
followed by repair synthesis of the gap( using the sister, undamaged, 
2130 
strand as a template. This pathway is, dependent upon the products of 
the uvrA, B, and possibly C genes (Howard-Flanders et al, 1966). The 
third major pathway is known as post-replication repair (Rupp and 
Howard-Flanders, 1968), which suggests that gaps, caused by failure 
to replicate damaged areas such as thym.the dimers, can be filled by 
recombination and the synthetic activities associated with this. 
This pathway is obviously dependent upon an intact recombination 
system and therefore upon the products of the recA, B, C and F genes, 
particularly recA (Enimerson, 1968; Rothman et al, 1975). Strains 
which are recA are extremely sensitive to agents which damage DNA, 
and this was in fact how they were first isolated. The recA 
mutation also prohibits pre-replicational gap-filling, as does the 
lexA mutation (Castellazzi et al, 1972; Ganesan and Seawell, 1975). 
There exist also other processes for repair which are "rec-lex" 
dependent. One is Weigle (or W-) reactivation (Weigle, 1953), which 
involves reactivation with mutagenesis of a UV-irradiated bacterio-
phage A by a host cell which has already been exposed to pyrimidine 
dimers, either in its own chromosome or in exogenous DNA such as 
that transferred in an Hfr cross with a UV-irradiated donor. Another 
pathway is an inducible, error-prone (i.e.: mutagenic) pathway 
(Briic!eset al, 1.967; Witkin, 1967) but this is recA independent. 
Repair mechanisms have been reviewed by Bridges (1976), Green (1977) and in 
a recent symposium (Banawalt and Setlow, 1975). 
Several models have been proposed to encompass the many aspects 
of repair and mutagenesis in E.coli 	(George et al, 1975; Gudas 
and Pardee, 19751 Radman, 1974; Witkin, 1976; Mount, 1977). The 
most comprehensive model, and that which best fits the evidence, is 
the SOS repair hypothesis (Radman 1974 and 1975; reviewed by 
Witkin, 1976). This takes into account not only the facts mentioned 
above, but also two additional observations. These concern the 
introduction of a UV-irradiated plasmid into a cell • When the cell 
is a A lysogen, the prophage is induced (Borek and Ryan, 1958). 
This prophage induction is also found in tif strains at high 
temperature (Castellazzi at al, 1972). When the cell does not contain 
a A prophage, cell division is abolished and the cell forms multi-
nucleate filaments (Devoret and George, 1967; Monk, 1969). (This 
might be though to be analogous to the Lon phenotype (Howard-Flanders 
at al, 1964); however, treatments which induce &on cells to filament 
do not necessarily induce A, e.g.: growth medium shifts.) 
The SOS hypothesis states that there exist in the cell a number 
of functions which can be coordinately induced. This induction 
depends on each function having a repressor sufficiently similar to 
every other repressor in the group that they can be induced by a 
common anti-repressor as well as by anti-repressors specific for each 
(but see Witkin, 1976, for a full discussion of common anti-repressors 
in relation to "split phenotypes"). Included in this group are A 
repressor, a septum inhibitor, a hypothetical SOS repair protein 
which could mediate error-prone repair, an exonuclease V (the gene 
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product of recB, C) inhibitor, and protein X. Protein X (Inouye 
and Guthrie, 1969; Inouye and Pardee, 1970) is a membrane protein 
which appears to be induced by treatments which inhibit DNA synthesis 
(Gudas and Pardee, 1975 and 1976). It has recently been shown by 
McEntee at al (1976) that protein X is in tact the recA 4 gene product. 
This has been confirmed by Enmierson et al (1977), who have shown a 
difference in the iso-electric point of protein X from t.if and tif 
strains. It has recently been shown (Castellazzi at al, 1977) that 
the recA, tif, zab and LexB mutations all map in the same 
structural gene, recA, and alter in different ways the recA gene 
product, giving rise to the various phenotypes observed in these strains. 
It has been suggested (Ephrati-Eljzur at al, 1976; Hayes, 1976 and 
personal communication) that tif is in fact a mutation affecting 
ribosomal activity. Ephrati-Elizur et al (1977) have shown decreased 
-rinsLc cmcL 
tekptioa.l fidelity in tif mutations in vivo. However, McGarva 
et al (1977) have examined misincorporation in cell-free extracts of 
a tif strain at 300  and 420 and have found no difference between the 
two. Eunnerson at al (1977) have proposed that protein X is a co-
repressor of its own synthesis, interacting with the lexA4 gene 
product. The effector (anti-repressor) would act on the recA moiety 
of the repressor. The lexA mutation may be a super-repressor which 
cannot be removed from the operator; tel (temperature-sensitive 
suppressor of lex) may modify the lexA component such that it binds 
more loosely to the operator. Other ways in which protein X could 
control its own synthesis are by inactivating the lexA repressor, as 
suggested by Gudas and Pardee (1976), or by acting as a-'stqsn.4. 
factor required for transcription of the recA+ gone.U1'tej 
Castellazzj 
at al (1977) have suggested that the recA gene product has two 
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active sites. One is permanently in the active configuration, and is 
used for recombination; the other, which is involved with the SOS 
functions, is activated by the SOS inducer. If it is true that 
protein X controls its own synthesis, then activation of this second 
site must remove it, together with the the lexA+  gene product, from 
the recA operator. 
The nature of the SOS inducer is open to question. It has 
long been known that adenine can enhance the expression of some SOS 
functions (Goldthwaite and Jacob, 1964). As SOS functions are induced 
as a result of interrupting DNA synthesis (or of high temperature in 
a tif mutant) it has been suggested that a precursor or a breakdown 
product of DNA, possibly an adenine derivative, constitutes the 
signal (Within, 1976; Castellazzi at al, 1977). However, Bridges 
(1977; Bridges at al, 1977) does not support this notion and proposes 
that the inducer is persistent gaps in the DNA. It is known that A 
induction is mediated by proteolytic cleavage (Roberts and Roberts, 
1975); by analogy it has been proposed that all SOS functions are 
effected by proteases. Mount (personal communication) has suggested 
that a proteolytic activity might lie in the inducible site of 
protein X. Support for the involvement of proteases comes from 
Rossman (1977), who has used two substances which inhibit proteasea. 
These are antipain, a low molecular weight, non-toxic natural product 
of actinomycetes, and the inhibitor TLCK (tosyl lysine chioromethyl 
ketone). Both of these inhibit A induction, and antipain also 
suppresses error-prone DNA repair and filamentous growth. 
From this summary it can be seen that the mechanism of the 
SOS pathway is still an open question. Indeed, the validity of the 
model itself is questionable, and this point will be dealt with in 
the Discussion. Nevertheless, it provides a useful working model for 
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elucidating the many (distantly) related functions which it encompasses. 
If such a system does exist, the implications for mutagenesis and 
carcinogenesis may be very important. Attempts are now being made to 
demonstrate SOS functions in mammalian cells 	(Boiteux) et al, 1977). 
ICelehan et al (1977) have reported that the anti-tumour drug cis-
platinum II diaminodichloride (PDD) causes lesions which induce SOS 
functions, and which are repaired by them. A ?DD-treated P1 phage 
can induce 080 in a lysogen. 
The work presented in this thesis relates to a topic purported 
to belong to the group of SOS functions. This is the induction of 
filamentation by introduction of a UV-irradiated plasinid into the 
cell (Devoret and George, 1967; Monk, 1969; Teathor, 1974). As 
will be shown, the chosen system demonstrates some features which are 
inconsistent with the SOS hypothesis as stated above. 
The class of plasmid which can induce filamentation when 
irradiated is the same as that which will mediate indirect induction 
(Borek and Ryan, 1958). UV-irradiated Hfr DNA will not induce A 
(Devoret and George, 1967); nor will phages which cannot replicate 
autonomously (Rosner et al, 1968; Teather, 1974). If the incoming 
DNA is restricted, the effect is also suppressed (George, 1966), as it 
is if the cell is recA (Devoret and George, 1967; Rosner et al 
1968; Monk, 1969). Plasmids of this class which have been studied 
in any detail include F and RTF (Devoret and George, 1967), coll 
(Monk, 1969) and P1 (Rosner at al, 1968; Teather, 1974). For this 
work P1 was chosen because it was supposed that manipulations would 
be easier in not requiring a mating for every experiment. 
P1 is a bacteriophage which was initially isolated by Bertani 
(1951) from the Liebonne-Carrere strain of E.coli. It can also grow 
on Shigella strains; indeed some workers use this as the host in 
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phage titrations (e.g.: Bertani, 1953; Scott, 1968). The P1 particle 
consists of an icosahedral (or possibly hexagonal) head, the subunit 
of which (in the principal morphological variant) has a molecular 
weight of 55,000 daltons (Walker and Anderson, 1970). It has a fairly 
complex tail consisting of a contractile sheath surrounding a hollow 
tube; at the proximal end there is a head-neck connector. The 
sheath is 25.2 run wide; extended it measures 216 nm in length and 
has 54 striations running perpendicular to the longitudinal axis. In 
the contracted state it is about 90 run long and has 27 visible 
striations along it. At the distal end it has a baseplata, 3.5 Y2 
thick and 21 nm in diameter, to which are connected 6 tail fibres. 
These are 1-2 run thick, and are about 95 nm long with a bend 17-18 run 
from the baseplate. P1 requires calcium for adsorption (Bertani, 
1953). The DNA has a molecular weight of about 65 x 10  daltons and its 
length is 31 um, i.e.; 1.9% of the E.coli chromosome (Ikeda and 
Tomizawa, 1965). It is injected into a host cell as a linear 
molecule; in the prophage state it exists as a circular molecule 
with or without supercoils. Circularisation does not occur via 
"sticky ends" but by a recombination event between terminally 
redundant ends, which is independent of the host recA+  gene product 
(Ikeda and Tomizawa, 1968). 
The P1 prophage is independent of the host chromosome and 
does not normally integrate (Ikeda and Tomizawa, 1968). However, 
integration can occur in rare cases, when the prophage carries 
bacterial DNA, and P1 can then mediate integrative suppression of a 
host dnaA gene (Chesney and Scott, in press) by allowing replication 
of the entire chromosome from the origin of replication of P1. A 
mutant of P1 has been reported (d'Ari et al, 1974) which can suppress 
a host dnaB mutation by production of a dnaB+  gene product analogue. 
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This suggests that the replication apparatus of P1 is similar in some 
respects to that of the chromosome. In the normal, autonomous form, 
P1 is present in a copy number of about 1 per chromosome origin. 
Segregation of cured cells from a lysogenic population is rare, so 
the replication of P1 must be strictly controlled (Ikeda and Tomizawa, 
1968). However, a particular time of P1 replication in the cell cycle 
has not been found (Abe, 1974; Prentki et al, 1977). 
The repressor system 'of P1 is thought to be bipartite, like that 
of P22 (Levine, 1972; Levine et al, 1975; Chesney and Scott, 1976). In 
P22 the system consists of two immunity regions, iimnC and imml, which 
map at different places on the P22 genome. The iimnc region contains a 
gene, C2, which codes for a repressor which binds to two operator sites, 
one on each side of C2, preventing transcription of genes for replication. 
The imml region codes for an antirepresgor which antagonises the C2 
repressor; the synthesis of antirepressor is controlled by another 
repressor coded by an adjacent gene in the minI region. Virulent 
mutants map in either region. The genetics of P1, as studied by Scott 
(1968, 1970, 1972) support this kind of system. 
The phage used in this work was P1CM (Iondo and Mitsuhashi, 1964), 
which was produced as the result of recombination between a transducing 
phage Plkc and an R factor carrying a chloramphenical resistance marker. 
Phage P1CM therefore confers resistance to chioramphenicol upon its host. 
It has been mentioned that induction of filamentation by a 
UV-irradiated P1 phage does not conform to the SOS hypothesis. A 
more appealing hypothesis has been proposed; the "blocked replicon" 
hypothesis (Donachie, 1974). It states that call division depends 
upon tbo termination of replication of all replicons in the cell 
which have initiated. If the replication of even one replicon is 
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blocked, then the cell cannot divide, regardless of how many 
terminated replicons it contains. If it is true that replication 
occurs with membrane attachment (sea above) then it is possible that 
termination of replication coincides with separation between membrane 
and DNA, or some modification of the attachment site. If this is the 
case then a blocked replicon might be expected to be permanently 
attached in some way to the cell envelope, and it might be in respect 
of this that the observed effect is mediated. The work presented here 
attempts to investigate this possibility: the results support the 
blocked replicon hypothesis. 
In conclusion then, the phenomenon under investigation is that 
of suppression of septation by a UV-irradiated phage P1. In 
strains the filaments induced will divide to give normal sized, 
nucleate cells after a certain time which is proportional to the UV 
dose administered to the phage (R. Teather, personal communication). 
In uvrA cells, however, the filaments are permanent. The recA 
mutation relieves expression of filamentation (Teether, 1974): this 
is in keeping with the reported effect of the mutation in uncoupling 
cell division from DNA replication (Inouye, 1971). The system will 
be characterised further and compared with the predictions of the SOS 
hypothesis and the blocked replicon hypothesis. Results will be 
presented which suggest that the suppression of cell septation is 
caused by the attempted replication of irradiated phage P1, and 
furthermore that the effect may be associated with changes in the cell 
envelope. 
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MATERIALS AND ?T1fODS 
Bacterial Strains 
The strains used are listed in Table 1. A thyniine-requiring 
mutant of AB1886 was isolated by triasthoprim selection (Stacey and 
Simeon, 1965). A P1 lysogen of A31886 was obtained by spotting P1 
onto a lawn of cells, picking the colonies which grew in the mans 
of lysis, and checking the.e for lysis by the homologous phag., in 
which case no lyals would be expected, and by 
P1vir 
 which should lyee 
all cells except those resistant to P1. The presutive lysogens 
obtained in this way were then tested for their ability to act as 
donors in the P1-mediated transduction of the Pal marker (ability 
to grow on 0.08% salicin) to a bgl recipient. A A lysogen of A51886 
was also made by spotting A+  onto a lawn of cells, picking colonies 
which grew, and checking their lysis phenotypes with A and Avir. 
Bacteriophage strains 
Phages P1CM (Koncio and Mitsuhashi, 1964) and Plvir (Scott, 
1968) were obtained from the stocks of this laboratory. A trans-
ducing ph age P1 carrying the bgl marker was a gift from 
Dr M Masters. Phag.s PLC4 62 and 107 were gifts from 
Dr J Rothman Scott. Strains of phage A, A'and Avir were gifts 
from Dr N Murray. 
Growth conditions 
Most experiments were carried out in L broth (Lennox, 1955) 
supplemented with 1% glucose, and where necessary with 5 mm Cad 2 
(for P3. adsorption), 5 mM HgSO4 (for A adsorption) and 20 Vg ml- 1 
of thymine (for thymine- requiring strains). One minimal medium was 
149 salts (Anderson, 1946) with 1% auccinate as the caci source; 
Table 1. List of bacterial strains used in this work. 
1 
Deeinatic*i 	Genotype 
AB1 1L.7 	 K12 P t1r le u proA his arg lac 
ara x i 	thi
- 	 R 	RStr 
A1886 	 As A31157, uvrA6 
A31886 	 A thymine auxotroph of A91886 
AB18C6 (A) 	A phage A lysogen of A81886 
2.B1866 (P1) 	A phage Pl l7sogen of A131886 
A318F35 	 As A31157, uvrB5 
AB24C3 	 As 131157, recA13 
A32 4130 	 K12 F thr ].eu proA lac 	thi 
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the other was TPG medium (Sineheimer, 1962). This was used so that 
calcium could be added at a concentration which allowed P1 adsorption - 
10 times the amount of Cad 2 used by Sinsheimer et al. This did not 
form a precipitate in TPG medium, as such a concentration did in 149 
glucose. Minimal media were supplemented with thiamine (10 jAg ml 1) 
and the appropriate amino acids at 20 Ug al. 1 each. Oxoid nutrient 
broth contained 10 g lab leaco powder, 10 g peptone, and 5 g NaCl 
in 1 litre of water. Growth was always at 37° with shaking, unless 
otherwise specified. 
Phage stocks were propagated by the plate lysis technique 
(Swanstrom and Adams, 1951), top and bottom agar being supplemented 
with 1% glucose and 5 aM Cad 2 in the case of 21 or 5 aM MgS0 4 in the 
case of A. Phage lysates were titred on BBL plates (5 g NaCl, 
10 g EEL trypticas., 10 g Dif Co agar, 1420  to 1 litre) in which top 
and bottom agar were supplemented with 5 aM Cad 2 or 5 aM MgSO4 . 
Dilutions for all manipulations were made into phags buffer (7 g 
Na142PO4 , 3 g XH2PO4 , 5 g NaCl, 10 ml of 0.1 14 MgSO4 , 10 ml. of 
0.1 14 Cad 2 , 1 ml 1% gelatin, 1 litre 1120). 
To minimise cell density effects on agar plates, viable counts 
were the mean values obtained from 3 10-fold dilutions, with 
duplications for each dilution. The same procedure was adopted for 
phage titrations. Optical density measurements were made using a 
ililger Watts spectrophotometer (}Iilger Watts Ltd, London, England). 
Measurements of cell number were made with a Coulter counter and 
Channelyzer, model ZB (Coulter Electronics Ltd, Harpenden, England), 
taking samples into azide-saline solution (36 g NaCl, 3.2 g NaN 3 in 
4 1 1420).  The orifice size was 30 Jim. The counter, which allowed 
segregation of cells into size (volume) classes, was fitted with an 
XY size plotter. This enabled the distribution of cells, with 
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respect to their size, to be plotted. The machine was calibrated 
using latex spheres of known diameter (supplied by Coulter 
Electronics, Ltd). 
4. Radioactive labelling 
Bacteriophage 
labelled P1 was prepared by making a lysate in the usual 
way, and adding to the medium methyl- 3H thymin. (20 CL n*nol 1 , the 
Radioch.zaica.l Centre, Azaersham, England) to a final radioactivity 
concentration of 20 tCi m1 of culture. In addition, deoxyadenosine 
was added to a final concentration of 50 JA9 ml 1 culture. This was 
to ensure in&ximum uptake of label (Pritdi.azxd, 1974) as the host cells 
were not thymine auxotropha. The concentration in L broth of thynitne 
is of the order of 2 jig nil 1 , the radioactive solution gives a 
concentration of thymine of 1.2 x io mg ml 1 which is negligible 
by comparison. 
14
C- 	 14 labelled P1 was prepared in a similar way, methyl - C, 
thymine (61 mCi meo1, 50 pci znl, the Radiochemical Centre, 
Amersham, England) being added to a final radioactivity concentration 
of 2.5 pCi ml- . Again, the amount of thymine added makes no 





 H labelling, S p1 of the methyl 3  H thymine and 25 IAl of 
the deoxyadenosine solutions described above were added per ml of 
culture, giving a final radioactivity of 5 pCi m1 1 . For 
labelling, 50 p1 of the methyl- 14C thymine and 450 p1 of the 
deoxyadenosine solutions per ml of culture were added. These 
amounts meant that the broth was effectively used at half strengths 
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this reduced the concentration of thymine in the medium to 1 ig ml 1 , 
and thus increased the amount of label taken into the cells 
(Pritchard, 1974). The final radioactivity was 2.5 iCi ml -1 . It 
should be pointed out this this method of labelling reduced the 
growth rate to some extent; this was taken into account whenever 
such experiments were carried out. 
35S-methionine labelling of proteins (for membrane preparations) 
was darned out by adding 50 ul 35S-methionine (300 Ci ninol 1 , 
1 mCi m1 1 , The Radiochemical Centre, Amersham, England) per ml 
culture. Final radioactivity - 50 .iCi ml- 1.  No non-radioactive 
methionine was added; under these conditions label uptake was 
maximised in a methionine prototroph (J.F. Lutkenhaus, personal 
communication). 
S. Density labellin 
"Heavy" PlCM was made by using 5-bromo-uracil, a thymine 
analogue which is incorporated into DNA, thereby increasing its 
molecular weight and causing it to sediment at a higher density on 
a caesium chloride gradient. 5-bromo-uracil was added to the 
medium used to propagate P1 to a final concentration of 5 izg ml- 1 
(Ikeda and Tomizawa, 1965). Deoxyad.nosine (final concentration 
250 jig ml') was also added to facilitate uptake of 5BU, (Pritchard, 
1974). Addition of 58U increased the generation time of the cells 
by a factor of 1.5 and decreased the titre of the phage lysate. 
This is consistent with observations made by Berg and Caro (1967) 
and by Pritchard and Lark (1964). 
6. Extraction of Filament DNA 
Filaments proved to be exceptionally difficult to lyse. This 
may be because lysis is though to proceed from sites of cross-wall 
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formation (Donachie and Begg, 1970) which are areas of endolytic 
activity. As filaments do not form cross-walls, they presumably 
lack this localised endolysis, and thus the integrity of their cell 
envelopes is maintained to a greater extent than in dividing cells. 
For different experiments (see "Results" for a full discussion) DNA 
was required in both membrane-bound and membrane-free states. With 
a view to isolating membrane-bound nucleoids, the Stonington and 
Pettijohn technique (1971) was initially used, as modified by 
Worcel and Burgi, 1974). This involves the use of the detergent 
Brij 58 and egg-white lysozyme at a concentration of 4 mg ml -1 . 
This procedure failed to lyse the filaments in a satisfactory 
manner even when the lysozyme concentration was increased to 
100 mg ml- 1.  The degree of lysis was estimated by the sedimentation 
profile of the cleared lysata on a 10-30% (w/v) sucrose gradient 
(see section 8). It has been reported (Tsugita at al, 1968) that 
T4 lysozyn2e, produced by coliphage T4, has a much greater specific 
activity than hen egg-white lysozyme, when assayed on E.coli B. 
It was therefore decided to use this to try to lyse the filaments. 
T4 lysozyme was a kind gift from Dr B. liamkalo. Silberstein and 
Inouye (1974) have used concentrations as low as 0.01 Ug m1 1 (i.e. 
20 lysozyme molecules per chromosome) for lysis; Ramkalo (personal 
communication) uses a final concentration of 5 ug m1 1 . Unfortunately, 
a concentration of 50 ag m1 1 failed to achieve the desired result. 
Ron at al (1966) have used a lysis method involving freezing the cells, 
then thawing them in the presence of lysozyme. This, too, failed. 
Various mixtures of antibiotics (penicillin + polymyxin) which 
effectively 1yse cells (M. Masters, personal communication) were 
equally unsuccessful, as was heating the filaments at 500 for 15 mm 
in 1% sodium dodecyl sulphate (SDS). It should be mentioned that 
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all the methods used successfully lysed control cultures consisting 
of normal sized cells. All attempts at lysis were carried out with 
the filaments suspended both in phosphate buffer (ph 6.5) and in 
Tris lysis buffer (10 mm trio (hydroxy-methyl) amino methane 
hydrochloride (Tris-1Cl) pH 7.8, 5 mM ethylene diamine tetra-
acetic acid (HD'rA) pH 7.5, 18 mM -marcaptoethanol). 
A method which did iyse filaments was as follows. Filaments 
were suspended in 2 ml Tris lysia buffer and 10 drops of QIC1 3 were 
added. The suspension was left for 30 min on ice, then the cell 
debris spun 	for 6 min in a inicrocentrifuge (Quickfit 
Instrumentation, England). This method gave good lysis by sediment-
ation profile; obviously it was not possible to use it for work 
with membranes, which were destroyed by the CHCI 3. M alternative 
method was to use ultrasonic oscillations to disrupt the filaments. 
A reasonable degree of lysis was obtained by giving 15 x 1 min pulses 
with an MSE 100 W sonicator (wave amplitude 4-6 Jim). The disadvantage 
of this method for membrane-DNA work is that such a large amount of 
sonication breaks the tt4A into very small fragments of the order of a 
few nucleotides in length (P.J. Ford, personal communication). 
7. Extraction of bacteriophage DNA 
DNA was extracted from phage particles as follows. Cleared 
phage lysatea were made as usual and treated with Et4ase (Sigma 
Chemical Co, St Louis, Missouri, USA) at 20 jig mi 1 for 30 min at 
room temperature, to remove bacterial DNA. The lysates were then 
put onto a caesium chloride step gradient consisting of, from bottom 
to top, 3 ml of density 1.70 g cm- 3, 5 ml of density 1.50 g cm, 
4 ml of density 1.45 g cm 3, 5 ml of density 1.42 g cm and 5 ml of 
-3 
density 1.30 g cm • These are the densities and volumes 
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recommended for P22 by Yamamoto and Alberta (1970); they appear 
to be perfectly satisfactory for P1 too. About 30 ml of cleared 
phage lysate were layered on top of this gradient and the tubes 
were spun in the SW 25.2 rotor of a Beckman ultracentrifuge for 
0 
20 hours at 23,000 rpm at 12 . Alternatively, the phage particles 
were palleted by spinning the lysates at 21,000 rpm for 4 hours at 
40 in the Angle 30 rotor of a Beckman ultracentrifuge. The pellet 
was resuspended in 1/5  volume of phage buffer and put onto a CeC1 
step gradient consisting of 1.5 ml of density 1.70 g cm, -3  and 2 ml 
each of densities 1.50, 1.45, 1.42 and 1.3 g cm- . These were spun 
in the 50 Ti rotor of a Beckman ultracentrifuge for 20 hours at 
23,000 rpm at 12°. If the phage band was visible it could be 
collected with a syringe through the side of the tubes however, 
when smaller volumes of lysate were used, such that there were 
fewer than 1011 phage particles in total, the band could not be seen. 
In this case the gradient was fractionated by collecting drops from 
the bottom of the tube using either a Suchier or an WE fractionator. 
Fractions were tested for the presence of phage by spotting onto a 
1m of sensitive bacteria. Those fractions containing phage were 
pooled and dialysed against phage buffer overnight in the cold to 
remove the CsC1. For dialysis 8/32M ti.bthg (The Scientific 
Instrument Centre, Ltd, London, England) was used. It was prepared 
for use by boiling successively in 10% NaHCO3 , distilled water, 
0.1 mM EIyrA, distilled water and finally fresh distilled water. It 
could then be stored in 50% ethanol at 40  until required. 
The concentrated phage suspension was then adjusted to an 
0D260 of 5-15, and placed in a pointed screw-capped tube. An equal 
volume of freshly distilled phenol was added, add the tuba rolled 
gently for 15 min at room temperature. The tube was then spun for 
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5 min at 10,000 rpm in the SM24 rotor of a Sorvall RC2-B centrifuge, 
and the pieno1 layer, containing the unwanted protein, removed. The 
extraction was repeated, and the aqueous layers pooled. Care was 
taken not to shear the DNA by vigourous pipe ttung. The DNA was then 
dialysed exhaustively against buffer consisting of 0.05 4 Tris-UC1 
pH 7.8, 0.001 M EDTA and 0.05 ii &C1. After dialysis, the amount 
of DNA present was estimated epeotrophotometrically. Yields of 
between 50 pg ml- 
1 
 and 200 jig m1 1 were obtained from different 
lysates. 
8. Density Gradient centrifugation 
Sucrose gradients 
Sucrose gradients used for membrane-DNA work were made 
according to Stonington and Pettijohn (1971) with 10% and 30% (w/v) 
solutions containing 0.01 P4 Trio pH 8.1, 1.0 M NaCl, 1 mM ROTA and 
1 mm 13-mercaptoethanol. The gradients were made using a Buehler 
gradient maker (Buchier Instruments, Fort Las, New Jersey, USA). 
The saales were spun at 17,000 rpm for 20 min at 40  in the 3W50.1 
rotor of a Beckman ultracentrifuge. Gradients were fractionated 
by collecting drops from the bottom of the tube. Ten drop fractions 
were collected onto Whatman CF/C 2.4  cm diameter filters. These 
were treated with ice-cold TCA (trichloroacetic acid) for X) min, 
then washed for 10 min in 80% ethanol. The filters were then dried 
and counted in 0.5% butyl-PBD (2- (4 1 -tert-butylphenyl)-5--(4"-
biphenylyl)-1,3,4-oxadiazole) in toluene using i Packard Tri- 
Carb liquid scintillation spectrometer (Packad Instrument Co Inc, 
Illinois, USA). 
Caesium chloride gradients 
Step gradients for phage preparations have already been 
described under the appropriate section. 
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For work involving TWA, gradients were made using a mean CaCl 
density of 1.70 g czn. When ethidiuxn bromide was used, it was 
added to 200 1g ml- 1  final comcentration, and the CsCl was used 
at a mean density of 1.619 g cni 1 . when propidium di-iodide was used 
(Hudson at al, 1969 Pr1 2 , A grade, was obtained fror Calbiochem, 
catalogue number 537059) it was added to a final concentration of 
300 jig m1; the CsC1 was at a mean density of 1.554, as Pr1 2 gives 
1.8 times the separation obtained with EtBr. 
Gradients were centrifuged in the 50 Ti rotor of a Beckman 
ultracentrifuge at 40,000 rpm for 40-60 hours at 12 0 . When 
necessary, gradients were fractionated by collecting 20-drop 
fractions from the bottom of the tube using either a Buchier or an 
ME apparatus. SO Ui aliquots of these fractions were then loaded 
onto Whatmari GF/C 2.4 cm diameter filters, precipitated with ice-
cold 'rCA (5%) for 33 rain, washed with 93% ethanol for 10 rain and 
dried. They were then counted in 0.5% butyl-PBD in toluene, using 
a Packard Tri-carb liquid scintillation spectrometer. 
All densities were calculated by measuring refractive 
indices using an Abb6 refractometer. 
Ultraviolet irradiation 
5 ml aliquots of clear phage lysates (109_101  particles m1 1 
in phage buffer) were placed in a glass Petri dish of diameter 10 cm. 
Ifradiation was carried out by exposing the suspension to light 
from a Hanovia bactericidal lamp (Hanovia lamps, Slough, England) 
which was calibrated with a Latarjet dosimeter (Latarjet, 1953). 
The Petri dish was rotated gently during irradiation. 
Paper chromatography 
For all work involving ENA, siliconised glass tubes were used. 
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These were prepared by immersing clean, dry Corex tubes (Corning, 
New York, U) in persuiphuric acid (200 g sodium persuiphate in 
2.5 1 cone. H2SO4) overnight. This was done in a fume cupboardj 
safety glasses were worn when working with the acid. The acid-
washed tubes were then rinsed three times with tap water and three 
times with distilled water, and dried in a warn oven (660). When 
cool, they were immersed in Repelcote (2% dimethyldichiorosilane in 
carbon tetrachloride; Hopkins and Williams Ltd, Chadvell Heath, 
Essex, England), then dried inverted at 600.  Before use, tubes 
were well rinsed with distilled water. 
1A was prepared for chromatography, largely according to 
Gther and Prusoff (1967), in the following way. Acid hydrolysis 
was carried out by drying down the DNA in a vacuum desiccator and 
resuspending 25 iig amounts in 50 i1l lilA buffer (0.05 M Tris-IIC1 
pH 7.8, 0.05 II NaCl and 0.001 M EBTA). These were put into thick- 
walled Pyrex hydrolysis tubas. These tubes were prepared by first 
washing the glass tubing, then sealing one end. The samples were 
then put in, and the open end was dram out to form a narrow neck. 
When the glass had cooled, 0.5 ml of 23N formic acid was added with 
a syringe, and the neck of the tube was sealed. The liJA was then 
subjected to hydrolysis for 30 min at 175° in a container with a Lid. 
The tubes were frozen in a dry-ice-ethanol bath, and the thin necks 
broken carefully open. The formic acid was evaporated off in an 
air stream. The free bases were then resuspended in 0.1 ml water, 
and this was applied to 30 cm squares of Whatman No • 1 paper. An 
ascending solvent system of ethanol-water (70:30 by volume) was 
used. Before starting development, the sealed vessel containing 
the loaded paper and a small volume of solvent was allowed to 
equilibrate for 1-2 hr. Development was started by adding more 
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solvent through a separatl.-.c7 funnel, without disturbing the 
equilibrium by opening the vessel (Waldi, rn Merck, 1958). Chroma-
tograms were allowed to develop for 8--10 hr at room temperature. 
The wet -apnrs were UV-irradiated to convert the dimers to monomers. 
These could then be seen as a spot when the dried chromatogram was 
viewed under ultraviolet light. After develop!ent papers were 
dried in an airstream at room temperature. Tracings of the 
chromatograms were made before cutting out the spots. Bases were 
eluted off the paper with 0.01 N HC1. Concentrations were estimated 
by reading the 0D 	of the eluate. The blank was eluate from a 
clear area of paper. 
11. Filament Selection 
Cells were grown in L broth + calcium to an 0D 540 0.1-0.5. 
Irradiated P1 was added at a multiplicity of infection (ri) of less 
than 1.0 (based on the pro-irradiation titre on AB1886) and allowed 
to adsorb for 10 mm. The culture was then filtered through a 0.45 urn 
pore size Millipore filter (Millipore UK Ltd, London, England) and 
washed with three volumes of prewarmed phosphate buffer (p11 7.0). 
Cultures were then resuspended in prewarmed L broth without calcium 
and allowed to grow for 45 mm. At this point penicillin was added 
at a concentration sufficient to lyse dividing cells, While leaving 
filaments intact. This concentration was 400i u. ml -1 ("Solupen", 
cdiuw henzyl penicillin, Dista Products Ltd, Liverpool, England) 
or 20 ig ml-  ("Penbritin" asicil1in, 3eechlam Research Laboratories, 
Brentford, England). Freshly made solutions were used. The culture 
was allowed to continue growth for 1 hr, after which it was filtered 
through a 14 urn pore size Millipore filter to remove cell debris and 
unlysed cells. After washing with three volumes of buffer, the 
filaments were resuspended in 1/5 	of cold buffer. This 
Legend 
Figure 1. Filament enrichment procedure. A, optical density 
throughout the procedure. Vertical lines (at 10 min 
and 135 mm) denote filtrations. Penicillin was added 
at 60 min. 	B, number of filaments in the culture 
throughout the procedure. The dramatic increase after 
the second filtration is noticeable. 
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suspension usually contained about 80% filaments by Petroff-flausser 
count (see Figure 1). A filament was defined as any cell longer 
than three normal cell lengths which contained no visible septa or 
invaginations. Any long structure containing septa was counted as 
one cell. This method was considerably bettor in terms of yield 
than those of Teather (1974) which involved an B pm pore size 
filtration, or Autissier (1971) which used penicillin treatment and 
differential centrifugation. Filters, especially those with large 
pores, had a variable tendency to become clogged. This was 
independent of culture density (with certain limits) and filter 
batch. Sartorius filters (Sartorius, Gttingen, West Germany) were 
worse than ilillipores in this respect. 
Penicilin induction of filaments 
Low concentrations of penicillin can be used to induce 
filamentation (S tarka, 1971). To induce such filaments, PenbriUn" 
ançicillin (see section 11) was added at a final concentration of 
2 A9 ml- I  to cultures growing in L broth. Filamentation was 
initiated iiimediate1y, the filaments appeared to grow at the same 
rate as the uninduced population. 
Synchrcxisation of cell division 
This was achieved by the "lining-up" procedure of Jones (1974) 
which yielded a population synchronised for one round of chromosome 
replication and the subsequent wave of division. The method 
involved inhibition of protein synthesis for more than one generation 
time without affecting DNA synthesis. As a result, all rounds of 
chromosome replication initiated before inhibition of protein 
synthesis could be completed, but no new rounds could be initiated 
because the cells were no longer reaching initiation mass (Don adiie, 
1968). Protein synthesis was then allowed to resume, but at the 
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same time thymine was removed from the medium, preventing any further 
WA synthesis. This treatment was continued for two mass doublings. 
Thymine was then added back to the cells which, because they had all 
increased their mass beyond the initiation mass, immediately and 
simultaneously initiated WA replication; at a defined time after 
readdition of thyinina a synchronous wave of division ensued. 
For the synchrony experiments AB1886 thy cells were used. 
These were grown to log phase in TPG medium + thymine + amino acids. 
The culture was then filtered through a 0.45 m pore size Millipore 
filter, washed with three volumes of phoaphaze buffer (prewarmed) 
and resuspended in prewarmed TPG + thymine. Incubation was continued 
for 90 mm, then the culture was filtered and washed as before, this 
time being resuspended in prewarmsd TPG + amino acids • Growth 
was continued for 175 mm, which was equivalent to 2 3D doublings. 
After this time the culture was again filtered and washed and resus-
pended in L broth + glucose + calcium + thyniine. At intervals, 
aliquots were removed and infected with P1 
200  at an mci of less than 
1.0. After 10 min adsorption each aliquot was filtered, washed and 
resuspended in L broth + glucose + thyinine, and incubated for two 
generation times • The nuther of filaments was then determined by 
Petroff-ilausser count. All manipulations were at 370 to minimise 
disturbances to the cells. 
14. Photography 
Cells were photographed on 35 mm film with a Zeiss photo-
microscope (Carl Zeiss, Oberkochen, West Germany). The film was 
developed in Mi crophen developer (Ilford Ltd, Essex, England) and 
fixed with Ilford hypam fixer used at a strength of one part hpam: 
4 parts water by volume. Cell lengths were measured by projection 
at a fixed magnification onto graph paper. 
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Autoradiography 
This was carried out on clean glass microscope slides which 
had been coated with subbing solution (2.5 g gelatin,. 50 mg chrome 
alum in 500 ml water). The slides were loaded with severalwwire 
loopfuls of the radioactive filament suspension (see section 11) 
and allowed to dry at room temperature in a dust-free area. The 
high-speed scintillation method of Dune and Salmon (1975) was used. 
Slides were coated with Ilford L4 emulsion and dried for 1 hr in the 
dark. They were then dipped in a scintillant consisting of 35 g 
diphenyl oxazole (PPO), 1 mg 1, 4 bis-(2-(4-methyl-5-phenyloxaxolyl))-
benzene (POPOP) in 500 ml dioxana, and exposed in the dark at -70 
for 4 days. The slides were allowed to return to room teserature 
before developing. The developer was D19b (Eastman-Kodak) used for 
7 min at room temperature. After a water rinse the slides were 
fixed in P24 (Eastman-Kodak) for 5 mm. 
Before microscopical examination slides were dipped in 
methanol to remove crystals of scintillant. Staining was with 0.03% 
methylene blue. The slides were examined by means of a Zeiss 
photoinicros cope. 
Polyacxylamide Gel Electrophoresis 
a) 	Sample preparation. 
This was essentially according to Lutkenhaus (1977). Filaments 
were labelled with 35S-methionine and enriched as in Section 11. 
Control cultures of uninfected cells were grown in the presence of 
radioactive label to mid-log phase. Cultures were harveat& by 
centrifuging in 30 ml Corex tubes at 10,000 rpm for 10 min at 40 in 
the 5834 rotor of a Sorvall RC2-B centrifuge. 10 ml volumes were 
used. The cells were resuspended in 7.5 ml Tns lysis buffer (see 
- 34 - 
section 6) and sonicated for 15 x 1 min pulses (see section 6). The 
cell debris was removed by centrifuging at 5000 rpm for 10 min at 4 0 
in the Sorvall; the supernatant was collected and centrifuged in 
polycarbonate tubes at 40,000 rpm for 45 min at 4 ° in the angle 65 
or 50 Ti rotors of a Beckman ultracentrifuge. Pellets were then 
resuspended in 5 zal of either Tris lysis buffer, for whole membrane 
preparations, or 0.5% Sarkosyl (N-lauroyl sarcosine, Sigma Chemical 
Co) which destroys the cytoplasmic membrane, for outer membrane 
prpparations. The resuspended pellets were spun again at 40,000 rpm 
for 45 min at 40,  and the supernatants discarded. The pellets were 
then resuspended in 50 pl of 2 x saimiple buffer (62.5 mM Tris p11 6.8, 
It SDS (sodium cdecy1 sulphate), 5% -mercaptoethano1, and 10% 
glycerol). These could then be stored frozen. Before use, samples 
were heated for 4 min in a boiling water bath. 
b) 	Electrophoresis. 
This was according to Laeznmli (1970) using a Davis Ornstein 
discontinuous system (Davis, 1964; Ornstein, 1964). The gels used 
contained 16% acrylamide, 0.094% bis-acrylamnide,0.375 M Tris p11 8.8 
and 0.1% $D3 (to denature the proteins and allow separation of the 
peptides on the basis of molecular weight), as the separating gel. 
This was surmounted by a 3% stacking gel containing 3% acrylamide, 
0.08% bis-acrylamids, 0.125 H Trio HC]. p11 6.8 and 1% SDS. Both 
separating and stacking gels also contained ammonium persuiphate as 
the catalyst for cross-linking, and 2EMD (N, N, N', N' -tetraumethyl 
ethylenediamine, Koch - Light Laboratories) as the initiator of 
cross-linking, both at a final concentration of 0.025%. The gel 
mixtures were degassed before addition of SDS and 'IE)ED. 
Apparatus used for polyacrylamide gel electrophoresis has 
already been described (Studier, 1973). The separating gel was 
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pipetted in and allowed to polymerise under a layer of water. This 
was to ensure a flat surface • After polymerisation (about 1 hr at 
room temperature) the water was removed with a Pasteur pipette s and 
the stacking gel was loaded. A perspex comb giving 11 wells was 
inserted; this was removed after polyuerisaticn, which again took 
about an hour at room temperature. 
Gels were run for about 15 hr at zoom temperature with a 
current of 8 mA. The current passed through the gel via electrode 
buffer consisting of 0.025 MTris-glycine pH 8.3, 0.1% SDS and 0.1% 
-msrcaptoethario1. Samples migrated towards the anode. 
Standard proteins used for molecular weight determinations 
(Weber and Osborn, 1969) were made up in sample buffer, and 0.1% 
broenol blue was added as a marker. Standards used were as 
follows z - 
phosphorylase A 	92,000 daltons 
bovine serum albumin 	68,000 daltons 
ovalbumin 	 43,000 daltons 
- lactog].obulin 	 18,000 daltons 
lyeozyme 	 14,000 daltons 
After electrophoresis, the gel was removed from between the 
glass plates and fixed and stained. Fixing was carried out for 
ID min at 370  in a fixing solution consisting of 45% methanol and 
9% acetic acid. Staining was also for 10 min at 370 the staining 
solution was 45% methanol, 9% acetic acid and 0.1 1k coomassie brilliant 
blue. After being stained, the gels were allowed to destain for 
several hours at 370. The destaining solution consisted of 5% 
methanol and 7% acetic acid. Fixing, staining and dastaining were 
all carried out with gentle shaking of the container. 
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Gels were scanned using a Vitatrci TLD 100 densitometer 
(Dieren, Rolland). When necessary gels were sliced by carefully 
cutting Out the relevant track from the slab gel. The track was 
then transversely sectioned with a Mickle gel slicer (The Mickle 
Laboratory, Gouhall, Surrey, England). 1 um sections were cut. 
Because of the extreme stability of 16% gels it WS not necessary to 
freeze them before slicing. The gel slices were solubilised by 
immersion. overnight at 370 in a water-tolerant scintillant consisting 
of 720 ml toluene, 2.88  g PPO, 80.8 sq POPOP, 7.2 ml 1% SDS and 
80 ml 	 350 (Packard Instrument Co, Inc, Illinois, USA). 
The slices were then counted in this scintillant in a Packard 
Tri-Carb Licuid Scintillation Spectrometer. 
- 37 - 
RESULTS 
A. CHARACTERISATION OF THE SYSTEM 
Although the phenomenon of filatuentation induced by an 
irradiated plasmid has been reported by several workers (Devoret 
and George, 1967; Monk, 1969), the parameters involved seem 
surprisingly ill-defined. It was decided, therefore, to elucidate 
the system as much as possible. 
1. The effect of UV light on bacteriophage P1CM. 
The effect of ultraviolet irradiation on phage P1 was 
examined in terms of three activities: 
reduction in plaque-forming ability, 
killing capacity, i.e. the ability to reduce the viable count of 
infected cultures when these were suitably diluted and plated on 
nutrient agar plates; 
C) ability to induce filamentation of infected cells. 
a) Plaque-forming ability. 
The killing curves for P1, as assayed on AB1886 and A31157, 
are shown in Figure 2 • As expected, the titre decreases with 
increasing UV dose. The lower titres on A81886 may indicate that 
some uvrA+_dependent  repair of the damaged phage DNA occurs in AB1157. 
It was found that the titre of a lysate of the P1CM used in 
this work could vary within a hundred-fold on consecutive days. The 
titre could increase as well as decrease, so the effect was not due 
to a general loss of viability of the phage particles. This 
phenomenon has also been reported by Lennox (1955). It is clear 
that the total number of particles in the lysate cannot vary; thus 
the difference must lie in some feature of the particles which 
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Figure 2. Killing curve for P1 in terms of plaque-forming units as 
plated on AB1157 (open circles) and on AB1886 (closed 
circles). 
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reflect a difference in the susceptibility of the host cells to P1; 
however, there have been no reports of differential sensitivity of 
cells to bacteriophage. Duplicate experiments carried out on 
different days were quantified in terms of the unirrad.iated phage 
titre on each particular day. When this was done the results were 
similar, and curves obtained were superimposable (e.g. the 
multiplicity reactivation data given in Section 2, where each 
curve is the sum of at least three different experiments). The 
fact that superimposition was allowed simply by correcting for 
infective particles without altering the relative yield of plaques 
(e.g. in Figure 5) suggests that it is the infectivity, i.e. the 
ability of the phage to adsorb and inject DNA, which varies from 
day to day. The reason for this is not known. 
b) Killing capacity. 
When the viable counts of irradiated-P1 infected cultures 
were measured on L agar, they were found to be significantly lower 
than those of uninfected cultures, with a drop in viability, which 
increased with the UV dose, of as much as 50% (see Figure 3). 
"Killed" cells do not lyse, as revealed by microscopical 
examination. The reason for Icill is not clear, but work by 
Walker and Anderson (1970) suggests a possible explanation. They 
have reported two principal morphological types of P1 which differ 
in head size, the side-to-side diameter of the larger being 85 nm, 
and that of the smaller 65 run. Every P1 plaque gives rise to both 
these types, with a majority of the larger. The smaller particles 
can adsorb to cells, and inject their DNA, but are incapable of 
going on to complete a lytic cycle. This may be because the smaller 
headful of DNA (60% of the amount in larger particles) is deficient 
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Figure 3. Killing of host cells of AB1886 by irradiated P1. A, 
reduction in colony-forming ability. B, percent kill in 
terms of an uninfected culture at the same cell density. 
infection was at a multiplicity of 1 infective particle 
per bacterium. 
sI 
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wrong with the DNA, as markers can be rescued by a coinfect.tng 
large phage. The small phages cannot form plaques, then, but are 
able to kill host cells. Walker and Anderson do not report the 
exact proportion of small variants in a lysate; however, from their 
data it would appear to be of the order of 30%. Their calculations 
show that a suspension of 80% small particles kills 48% of host 
cells at a multiplicity of infection of 1 particle per bacterium, 
the multiplicity being calculated on the basis of the 20% large 
particles which can form plaques. This indicates that a suspension 
containing 30% small particles would kill 18% of the cells at the 
same multiplicity. This cannot fully account for the 50% kill 
observed in these experiments. Thus, irradiation of the phage 
particles either increases the killing capacity of the small 
variants, or causes killing by some other mechanism altogether. 
c) Filament induction. 
AB1886 is a uvrA mutant, and as such has a high basal 
level of filamentation. This level is in fact variable between 1% 
and 10% of the culture, the usual figure being 5-6%. Addition of 
irradiated P1 to the cells caused a definite increase in the number 
of filaments which was, again, UV dose-dependent (see Figure 4). 
Interestingly, AB1885, a uvrB strain, does not show this effect. 
This is shown in Table 2, where the uvr+  strain, AB1157, is shown for 
comparison. The usual increase over the control level in AB1886 for 
particles exposed to 200 Jm -2  was at least three-fold at an moi of 
1.0. At this multiplicity, 40% of th. cells receive no phage, and 
60% receive one or more. Of these, perhaps 0.1% will receive an 
undamaged phage particle which will enter the lytic cycle. On 
average, 15% of the culture will give rise to filaments. This leaves 
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Figure 4. Filamentation induced by irradiated P1. Percentage of a 
culture of AB1886 which fila.mented on infection with phage 
exposed to varying UV doses. Moi = 1 particle/bacterium. 
0. 
Strain 
AL1157 A81886 2D1885 AB2463 AB2480 
Percent 	-P1 200  1.5 4.25 13.75 6.75 7.25 
Filaments 	+P1 
200 2.5 15.75 18.75 15.25 7.25 
Increase 1.7x 3.7x 1.4x 2.3x Lx 
TA.LE 2. Inducticn of filaments by infecticii of cultures by P12 
Filaments were scored, after two generation times in 
L broth at 370 , by Petroff-Hausser count. It should be 
noted that when the basal level is high, the final yield 
of filaments will be correspondingly higher. 
figure is close to that obtained for cell killing (see above). It 
is likely, then, that UV-irradiated phage particles either induce 
filamentation or kill the cell. Teether (1974) has claimed that 
only one damaged phage particle is necessary to give rise to a 
filament. A Poisson distribution shows that of the 60% cells which 
actually receive a phage particle, 40% are infected by one, 18% by 
two, and 2% by three or more. These data therefore show no 
correlation between number of infecting particles and effect on the 
cell. 
It was decided on the basis of these experiments to continue 
the work using only P1 which had been exposed to 200 Jin 2 , termed 
P1200 . This was found to give a reasonable number of filaments in 
a culture, while its plaque-forming ability, as assayed on AB1886, 
was reduced by between 99.90 and 99.99%. This was desirable as it 
gave minimal cell lysis during experiments. 
2. Multiplicity reactivation. 
It was noticed that cultures which had been infected with 
P].
200  at multiplicities greater than 1.0 (based on the 
pre-irradiation 
titre on AB1886) contained a large quantity of cell debris when 
viewed microscopically. The number of viable phage added to the 
culture was too small to account for this amount of lysis; however, 
these phages could enter a lytic cycle and subsequently cause 
release of a burst of phages. These progeny phages could infect 
previously uninfected cells, or those which contained genomes 
damaged in such a way that they could produce no repressor, leading 
to a higher degree of lysis. If adsorption of this second wave of 
phage particles was prevented, this might be sufficient to prevent 
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the lysis observed microscopically. P1 requires calcium ions for 
adsorption (Bertani, 1951). It was therefore decided to remove the 
calcium after the initial infection. Thus, after 10 min adsorption 
time the infected culture was filtered, washed to remove the calcium, 
and resuspended in medium without calcium. This causes minimal 
disturbance to the cells (Helmstetter at al, 1968). However, it did 
not prevent lysis. It was conceivable that the lysis was caused by 
multiplicity reactivation (Luria and Dulbecco, 1949). This occurs 
when a cell contains more than one damaged phage genomes which can 
undergo recombination to produce an undamaged prophage which may 
then enter the lytic cycle. The phages released as a consequence 
of this could then infect other cells as before. The net result of 
this would be to cause lysis of part of the culture; the proportion 
which lyses will depend on the original multiplicity. 
To test whether multiplicity reactivation did in fact occur, 
the following experiments were carried out. A log-phase culture of 
AB1886 of known cell number was split into several aliquots, and 
each was infected with a different number of Pl 2) particles. 
Generally, doubling volumes of phage lysate were used. Because of 
the difficulty of knowing the precise infective titre of the lysate 
(see above) both the unirradiated and the irradiated phages were 
titred for each experiment. This enabled the multiplicities in 
terms of both infective particles (from the unirradiated titre) and 
viable plaque-forming units (from the irradiated titre) to be 
calculated. Aliquots of 0.1 ml of the infected cultures were then 
added to enough cells to form a lawn (> 10), and, after addition of 
BBL top agar, the whole was poured onto BBL plates. Numbers of 
plaques were scored against infective particle moi. Results can he 
seen in Figure S. It is obvious that above a multiplicity of 1.0 
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Figure 6. Multiplicityreactivation of P1 exposed to high UV doses. 
3 Jin 2 ; o—o, 500 jrn 2 ; x—x, 1000 Jm2. 
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there is a sharp increase in the number of infective centres. If a 
higher UV dose is used (Figure 6), this effect is abolished. The 
fact that no multiplicity reactivation occurs with a dose of 
300 Jut 2 suggests that 200 .7m 2 cannot be far from the saturation 
value for it. Reactivation depends upon there being undamaged 
sections in both (or all) the genoutes which can be brought together 
by recombination. It was of interest, then, to discover how many 
thymine dimers were produced by a dose of 200 Jut 2 . 
Based on the published sequence of the bacteriophage 0X174 
(Sanger at al, 1977), a length of DNA the size of the P1 genome 
should contain enough adjacent thyinine nucleotides to give approx-
imately 10,000 15,000 intrastrand dinters. According to Rupp and 
Howard-Flanders (1968), a UV dose of 200 3m 2 should give about 
10,000 photoproducts, the majority of which will be thymine dimars. 
This would imply that this dose might saturate the genome in terms 
of thymine dimers; however, the multiplicity data does not bear 
this out. There are several possible sources of error in the 
calculation of the number of dimers. Firstly, P1 might have a 
genome extraordinarily rich in AT regions, which would give a higher 
value than that calculated on the basis of the ØX174 sequence. This 
does not seem to be the cage: Ikeda and Tomizawa (1968) report a 
GC content for P1 of 46%, so 54% is AT. Sanger et al report 55.1% AT 
for ØX174, which is not sufficiently different to account for a 
large discrepancy in dimer number. Another explanation is that the 
UV dose is actually lower than expected. The UV lamp used was 
calibrated with a Latarjet dosimeter (see Materials and Methods), 
it was checked on several occasions throughout the work, but was 
found not to vary significantly. A third possible source of error 
is the following. Phage lysates were made on broth plates. The 
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phagee were collected by eluting the plates with phage buffer and 
spinning off the top agar and bacterial debris. The resulting 
suspension was perfectly clear, but it is possible that the elution 
also washed thymine out of the top agar. L agar contains thymine 
at about 2 lig ml -1 3 ml of top agar were used per plate. Thus 
there was a possibility of having a maximum of 6 iig of thymine per 
plate, i.e.: 30 ug thymin. in 10 ml of phage Lysate. This may be 
sufficient to absorb a high quantity of UV; this could account 
for any error in dosage. 
3. Quantitation of thymin. diiners. 
In order to try to determine the actual proportion of the 
thymine in P1200 which had dimerised, the DNA was extracted and 
subjected to paper chromatography. According to Cnther and 
Prusoff (1967), the system described, i.e.: one-dimensional 
ascending chromatography in ethanol-water, is sufficient to obtain 
discrete spots of thymine monomer and dimer. Complete separation 
was not found, but the Rfs, measured from the centres of spots as 
determined from their visible boundaries with adjacent spots, were 
the same an those listed, and were deemed an adequate means of 
distinguishing between monomers and dimers. A typical chromatogram 
is shown in Figure 7. For the dimer control, a solution of 1 mg m1 1 
thymine was exposed to 200 Jm 2 under the same conditions of 
irradiation as the phage lysates. As can be seen from Table 3, 
only 18% of the recovered thymina is in the form of diniers with this 
dose, at the wavelengths used (the dimer-monomer equilibrium is 
wavelength-dependent (Gunther and Prusoff, 1967)). If, as mentioned 
above, the phage lysates contain 3 M9 ml- 
1 
 of thymine, it in hard 




















Figure 7. Chromatography in ethanol-water of irradiated and un-
irradiated P1 DNA. SF = solvent front. A = adenine; 
C = cytosine; P1 = unirradiated P1 DNA; PI 2
00
DNA 
from P1 irradiated at 200 Jm 2; T200 = thymine irradiated 
at 200 Jm 
2; 
 T = thymine; G = guanine. 
pg nucleotide JIU nucleotide % recovery % recc.vered 
recovered loaded thyiaine as 
(from 0D260) diner 
Thymine control 40.75 40 100 0 
Irradiated tymine 
monor 38.25 
60 77.5 18 
dime r 8.25 
21200 thymine 
mm Omer 19.75 
25 100 26 
dir 5.25 
TABLt. 3. Relative amts of thymine nnoer and diter in PI 200 and in 
irradiated thyud.ne. Results were tained by elution of the spots 
from a thromatograi. 
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quantity of the incident UV light, as absorbance is concentration-
dependent (Lawrence, 1971). 
It is possible to calculate from the data of Sanger et al, 
(1977) the proportion of thymine nucleotides in ØX174 which are in 
a position to dimerise, i.e.: adjacent. This number if 54% of all 
thymines. Assuming 75% recovery for thymine dimers on the chroma-
togram, it is possible to calculate that 95.9% of possible dimers 
in P1200  are, in fact, in the dirner form. Assuming 100% recovery, 
this figure becomes 72%. These calculations are made on the 
assumption that there is '2 - 27% thymine in a P1 genome (Ikeda 
and Tomizawa, 1968). Thus, 50 pg P1 DNA will contain 13.5 pg 
thymine. 
If 271 of the bases are thyinine molecules, and 54% of these 
can become dimerised, the maximum amount of DNA in P1 which can be 
in dimer form is 14.61. Taking the ranges of recovery above 
(giving 72%-96% possible dimers) it is possible to see that each 
P1 will have 10.5-14% of its genome in the form of thyuiine dimers. 
If these dimers are randomly distributed throughout the genome, and 
there is no reason to suppose otherwise, it is obvious that a large 
number of racombinational events are required to regenerate an 
undamaged genome. Further, if over 70% of all possible dimers have 
been formed in every phage genome, at least three genomes will be 
needed for reactivation, since only 30% of the possible dimers will 
be undimerised in each one. The number of cells infected with three 
or more phages is 2% (see above) at an mol of 1.0, whereas at 
moi • 2.0 this rises to 32%. Thus it can be seen that lysis due to 
phage release would be quite considerable at mois above 1.0. This 
is why in all subsequent experiments multiplicities we kept below 
1.0* although higher mois yield higher numbers of filaments, their 
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relative proportion in the culture would be difficult to determine 
in the face of such extensive lysis. 
4. The effect of nutrients on filamentation. 
It has long been known that the growth medium can affect 
filament morphology; the classic example of this is the ion mutation 
(Howard-Flanders et al, 1964), the phenotype of which, long aseptate 
filaments, can be induced by treatments causing a DNA/mass imbalance 
(see Leighton and Donachie, 1970), for a full discussion). Teether 
(1974) reported P1-induced filaments to occur in broth, and this was 
found to be the case; however, when attempts were made to induce 
filaments in minimal media, none were formed. When cells were 
infected with irradiated P1 in broth, then shifted to TPG medium 
after 10 win adsorption, filaments failed to develop; if the 
culture was shifted to TPG after two generation times, they were 
maintained in a proportion consistent with the growth rate. 
Conversely, if cells were infected in TPG then shifted to broth, 
filaments could form even if the shift-up was delayed for generation 
times (see Table 4). Thus, medium composition is irrelevant to the 
initiation of filamentation, but important for its expression. It 
was thought that this might be a growth rate effect, as the growth 
rates of AB1886 in supplemented L broth and in TPG vary by about 
three-fold (see Figure 8). Accordingly, attempts were made to 
correlate growth rate with degree of filamentation; this was done 
by adding various nutrients to minimal medium. These were casamino 
acids, at different concentrations, and also, following a suggestion 
by M. Vicente, tryptophan, adenine, uracil and cytosine. Results 
can be seen in Table S. Two main points arise from this. Firstly, 
there does not appear to be any correlation between growth rate and 
% filaments after n generations 
Infection in 	Growth in 	n - 	0 	2 	4 
LB 10 18 13 
LB 	 TPG 10 2.5 2.75 
LB; TPG 10 18 14 
TPG 1 1 3 
TPG 	 LB 1 11.25 8.75 
TPG; LB 1 1 7.5 
TABLE 4. Effect of medium on initiation and maintenance of 
filaments. Mediuitshifts, denoted by (LB; TPG) or (TPG, La) 
were after two generation times in the first medium; 
the filament cot was made immediately before the shift. 
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Figure 8. Growth curves of AB1886 in L broth and TPG minimal 
medium. o-•, L broth; doubling time = 27 minutes; 
° o-o, T?G; doubling time = 81 minutes. Growth was at 37.
Growth rate 
Medium 	 (Do.t1ings/hour) 	% filaments after 
2 doublings 
oc,t 
La 2.22 12.5 
0.74 2.25 
TPG + it CAA 1.26 2.25 
TPG + 5% CAA 0.98 1.75 
TPG + 10% CAA 0.85 2.o  
TPG + txp 1.15 1.75 
TPG+a+u+c 1.15 2.25 
TPG+a+u+c+trp 1.15 2.5 
TABLE S. Effect of growth rate on filamentation • LB - L broths 
TPG TPG minimal medium; CM - casaniino-acida, 
trp - tryptophan: a - adenine; u - uracil; c - cytosine. 
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filamentation: filaments are only obtained in L broth. Secondly, 
addition of casamino acids at a concentration above 1% causes 
relatively less of an increase in growth rate. This was not an 
effect of pH, as tested with a Radiometer pH meter (Radiometer, 
Copenhagen, Denmark), nor of dilution, as tested by adding equal 
volumes of phosphate buffer to control cultures. This is an inter-
esting peripheral observation, which, if pursued further, might 
yield information about nutrient uptake and control of growth. 
It was possible that the effect of nutrients upon expression 
of filamentation was one of salt concenttation, as suggested by 
Leighton for ion (Leighton, 1972). Oxoid nutrient broth is similar 
to L broth in general composition, but differs in that it has 5 g1 1 
NaCl whereas L broth has 10 g1 1 . If filamentation depended on a 
high salt concentration for its expression, fewer filaments would be 
found in Oxoid broth than in L broth. In fact this was found, 
however, the basal level was also low and the growth rate was 
correspondingly lower than in L broth. Further, addition of salt to 
Oxoid broth did not increase the number of filaments (see Table 6). 
This implies that while growth rate does affect filamentation to 
some extent, the expression of filamentation is also influenced by 
some undefined factor in nutrient broth. It is interesting to note 
in this context that Weinbaum (1966) has reported that 5% casamino 
acids alone is sufficient to cause filamentation in some strains: 
replacement of the casamino acids by a mixture of "pure" amino acids 
does not cause filaments to be formed. It should be emphasised that 
the undefined factor, in the case of P1-induced filaments, does not 
cause the filaments, merely provides conditions under which 
expression of the filament phenotype is maximised. 
Medium Final salt Growth rate % filaments 
concentration (dou lings/hour) after 2 doubling. 
Lbroth 10% 2.22 9.75 
Uxjid 5% 1.18 4.25 
Oxoid + NaC1 10% 1.18 3.5 
TABrZ 6 • Effect of salt concentration on fi lazn tation. 
- 47 - 
It has been reported that pantoyl lactone, a furan derivative, 
can inhibit filamentation (Kirby et al, 1972). Accordingly, this 
was tested to see what effect, if any, it had on P1-induced filaments. 
Results are shown in Table 7. In the presence of 0.1 M pantoyl 
lactone growth was slowed and cells appeared smaller than control 
cells when viewed microscopically (this is expected since cell size 
depends on growth rate (Schaechter et a]., 1958)). The effect on 
filamentation was marked: not only did pantoyl lactone inhibit 
P1-induced filaments, but also those forming the basal level in an 
uninfected population. This reduction was beyond the reduction 
expected on the basis of the slight decrease in growth rate observed. 
It is difficult to see why pantoyl lactone should have this effect. 
It is a precursor of coenzyme A. There are no reports of coenzyme A 
being particularly toxic in large amounts; toxicity would seem 
illogical in view of the role of the compound in central metabolism. 
An effect of altering the expression of filanientation has 
also been ascribed to adenine, cytidine and guanosine (Kirby et a]., 
1967). Their effect on P1-induced filaments is shown in Table 8. 
It appears that while cytidine and guanosine, used at a final 
concentration of 100 mg m1 1 each, inhibit filaznentation to some 
extent, adenine, at 200 pg rn]. 1 , has no effect. However, when 
adenine is added with pantoyl lactono, the inhibition due to pantoyl 
lactone is partially alleviated. The inhibition seen when adenine 
cytidine and guanosine are added together may be due to the sharp 
decrease in growth rate. The reason for this is not understood: 
it is not a pH effect, nor is it an effect of dilution. 
S. The induction of bacteriophage A. 
As mentioned previously, introduction of an irradiated 
Culture 	 % filaments after 	 Growth rate 
2 doublings 	 (doub lingo /hour) 




+ 12cc 	 925 
	
2.22 
AB1886 + PL 	 1.25 
	
1.76 
AB1886 + P1200 + PL 	 0.75 
	
1.76 
TABLE 7. Effect of pantoyl lactone on filamentation. 
PL - 0. 1 M pantoyl lactone. 
Medium % filaments after Growth rate 
2 doublings (doub lings /hour) 
LB 12.0 2.22 
LB + ade 11.5 2.22 
L)12, + 	LB + C + G 4.25 1.67 
L3+ ads +PL 5.0 1.76 
LB+ade+C+G 2.0 0.67 
TABLE S. Effect of various additives on filamentation. 
LB - L broth; ade adenine at 200 )ig ml 
C - cytidine at 100 lag m1 1 ; s - guenosine at 100 jig m1 1 1 
PL 0.1 M pantoyl lactone. 
plasmid into a cell will induce phage A if the cell is a A lysogen. 
This was found to be the case for P1 
200* 
 As the SOS hypothesis 
Madman, 1974) suggests that filamentation and A induction are 
coordinately induced functions (Witkin, 1976), it was of interest to 
see if something which inhibits expression of one function, such as 
pantoyl lactone (see Section 4), would affect the expression of the 
other. This might provide information about the effector mechanisms 
of the two phenomena. As a control, a P1 lysogen was also infected 
with P1 2w. The results are shown in Figure 9. Introduction of an 
irradiated plasmid into a P1 lysogerA does not cause P1 induction. 
This is to be expected, firstly because the incoming plasmid would 
immediately be subject to P1 repressor produced by the resident 
prophage, and secondly because, even if the irradiated P1 were not 
repressed, induction of the resident could not be caused in the same 
manner as induction of a A prophage: the P1 system of repression is 
quite unlike the A system, being bipartite in nature (Levine at al, 
1975; Chesney and Scott, 1976). Thus, inducers of one prophage 
would not necessarily be expected to induce the other. This is the 
case, for example, with UV-irradiation: A is UV-inducible (Lederberg, 
1951), whereas Pl is not (Weigle, 1953). Pantoyl lactone appears to 
have no effect on A induction by Pl 2 , nor does it affect A induction 
by UV irradiation (data not shown). Thus, even if the SOS hypothesis 
is correct in its proposal that filamentation and A induction are 
manifestations of the same phenomenon, it is clear that they are 
expressed by mechanisms different in respect of their susceptibility 
to pantoyl lactone. The lag seen in the cultures to which pantoyl 
lactone was added is due to the growth-slowing properties of this 
compound. 
A summary of all the above data and a comparison with other 
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Figure 9. Effect of pantoyl lactorie on cell growth and 
mediated A induction. A, v--x, AB1886, no additions; 
'-., AB1886 + 200 o—o, AB1886 + 200 + 0.1 M 
pantoyl lactone;U • , AB1886 (P1), no additions; 
AB1886 (p1) + 	 B, ,—•, AB1886 (A),
200 
no additions; o—o, AB1886 (A) + 	2c; 	• , AB1886 (A) 
+ 0.1 M pantoyl lactone; O—O , AB1886 (A) + P1 200 + 
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C.ARACTER.STIC TYPE OF FIL?t*.T 
P1 induced UV induced5 1i (A81899) 1 ' 2 
Cause thymine dimera thjznine diiers DNA/mass 
in plasmid in chromosome imbalance 
Cromosomal 1tIA synthesis Yes 130 Yes 
Occurrence in broth Yes Yes 
Occurrence in minimal No Yes Yes 
Effect cn A prophage Induction Induction No effect 
Effect of adenine No effect No effect 
Effect of C + C Inhibition No effect 
affect of pantoyl lactcte Inhibition Inhibition Inhibition 
Other phenotypic etfects Cell killing Cell killing altered metabolism 
Spressed by rec1; 	repair Repair, liquid £Q' lox, sfi (div) 
holding. liquid holdinij, 
high temperature. 











recA, sab, lex, sfi 
a 
TABLE 9. Summary of characteristics of P1-induced filaments described above, and a comparison with other 
types of filament. 1. Leighton and DonacMie, 1970. 2. Leight*xi, Phi) Thesis, 1970 
3. Castellazzi, George and Buttin, 1972a and b. 4. Kirby, Jacth and Goldthwaite, 1967. 
5. Bridges, 1976. 
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Kinetics of filamentation. 
It was of interest to investigate the kinetics of filament 
formation to see if, as suggested by Teether, filaments grew in length 
at the same rate as small cells. They are known to synthesis. DNA 
at the same rate as control cells (Teether, 1974), but it is 
difficult to measure their initial rate of growth, as when filaments 
are initiated they are the same length as normal cells and cannot 
be distinguished from the rest of the population for at least 1.5 
generation times. 
It was thought possible to distinguish a discrete peak of 
large cells on a Coulter counter with an NY size plotter. Large 
cells, here, would constitute all those longer than two new-born cell 
lengths - at this size non-filamenting cells will divide. As the 
number of cells in each channel can be measured, the proportion of 
large cells in the culture could be determined; furthermore, it 
would be expected that the position of the peak would move towards 
the larger extreme as the filaments grew. The rate at which this 
occurred would indicate the growth rate of the filaments. However, 
because of the high level of filaments of all sizes in a population 
of AB1886 cells, it was found to be impossible to distinguish a peak 
of filaments of a specific size by use of a Coulter counter. This 
was probably due to the small numbers of filaments under investigation. 
All that can be said is that at a given time after initiation, the 
P1-induced filaments are of a length compatible with a normal growth 
rate, within the limits of resolution of photography (see Figure 10). 
The effect of cell age on filamentetion. 
It was thought possible that the effect of the irradiated 
plasmid on the infected cell might depend on the physiological state 








Figure 10. Appearance of a culture after infection with P1 200 (no 
selection for filaments). A, after 2 mass doublings; 
B, after 3 mass doublings. nb = nuclear body. Bar = 101.iin. 
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of the cell at the time of infection. In order to investigate this 
point, it was decided to infect cells of different ages, with respect 
to DNA replication and division, in the hope of seeing a variation 
in the eventual yield of filaments. A culture of AB1886 thy was 
"lined up" (see Materials and Methods) and exposed to Pl,0 at 
different times after readdition of thymine, which was the trigger 
for a synchronous round of DNA replication and the subsequent wave of 
division. The yields of filaments werethen determined. Results 
are shown in Figure 11. The synchrony of the first division appears 
quite good, and the optical density increases exponentially. The 
synchronous initiations occurred during the first ten minutes after 
thyznirze readdition, and the first of these was completed by 40 min 
(Jones, 1974). Asynchronous rounds of replication would also be 
initiated because the cells, originating from an exponential 
population, would, during the two mass doublings allowed, have reached 
sizes varying from 4 to 8 times the new-born cell mass (see Jones, 
1974, for a full discussion). Consequently, new rounds of replication 
would be initiated every time a cell exceeded initiation mass 
(Donachie, 1968) after the first, synchronous initiation which would 
be undergone by all the cells. At the time of thymine readdition 
(time 0 in Figure 11), the average cell size will be 6 times new-born. 
This means that all cells will initiate once, and half will initiate 
a second time almost immediately. The other half population will 
require, on average, half a mass doubling to initiate a second round 
of replication. As the cells have been stepped up to a medium in 
which the mass doubling time is about 25 minutes, it will take 
approximately 12.5 minutes for every cell in the population to have 
initiated twice. Within this time some cells will have initiated 
for a third time as they will again have reached initiation mass. 
Figure 11. Synchronisation of cell division. 0 time is the time of 
readdition of thyrnine. A, o'—o, cell number; *--M 
0D540 . Arrows indicate times of infection with P1 2 . 
B, yield of filaments. Vertical bars represent the 
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This is reflected by the cell number, which, if followed beyond 
100 minutes, shows no evidence of synchrony in division and increases 
exponentially (Donachie, 19691 Jones, 1974). As a consequence of 
this, any correlation between filament yield and time of infection 
is of doubtful significance, particularly in the latter part of 
the cycle. however, it is clear from the data presented that cells 
are least likely to filament when infected at initiation of 
chromosome replication, and the probabtYity of filamentation 
increa$es to a maximum 15 minutes later. In cci-o..S, Monk 4 KrfsS 	 fot* 
thQi )\ induc±ivn CCWCA yr,1 be ct&oked tW o 	IcWar e*Jer+ irt tkec e  
It has been proposed (see Introduction) that the cause of 
filamentation is the initiation of, but failure to terminate, P1200 
replication. The time of replication of P1 with respect to 
replication of the host cell chromosome is not known (Abe, 1974; 
Prentki at al, 1977) but it is clear that because of the design 
of the experiment all the incoming plasmids will attempt to replicate 
and so provide the trigger for filamentation. The difference in 
filament yield, then, may be due to something which is important for 
attempted replication of P1 200 , and which varies during the cell 
cycle in such a way as to alter the response of the cells to the 
trigger. The involvement of the cell membrane in DNA replication and 
segregation was first proposed by Jacob (1963); thus membrane growth 
and "differentiation" to form a septum is a possible candidate for 
the determination of cell response. Unfortunately, despite much work 
on cell envelopes (sea Leibowitz and Schaechter, 1975, for review), 
the tiring of events involved in membrane growth and septum formation 
has still to be elucidated, and this hypothesis cannot yet be tested. 
0 
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B. The Replication of P1 2 . 
The blocked replicon hypothesis (see Introduction) suggests 
that it is a failure to terminate replication of a plasmid which 
causes filainentation. Since UV irradiation gives rise to thymin. 
dimers (Setlow, 1964), and these dimers block the replication fork 
(Klner, 1953), it can be inferred that UV irradiation of P1 blocks 
its replication. The observation that filamentation is temporary in 
uvr + cells but permanent in uvrA cells (Teathar, 1974) which are 
deficient in excision repair of thymine dimers (Howard-Flanders at al, 
1966) lends credence to the blocked replicon hypothesis. It was of 
interest, than, to show that an incoming 200  genome attempted to 
replicate. 
There are four basic approaches to the problem of demonstrating 
replication: 
Nucleic acid hybridisation. 
This was thought to be the most accurate method of determining 
P1 replication, and indeed hybridisation has been used for this (Abe, 
1974; Prentki at al, 1977). The technique of DNA-cRNA hybridisation 
(Gillespie and Spiegelman, 1965) was recommended for this problem 
(IC. Jones, personal communication), but DNA-cDNA hybridisation 
(Denhardt, 1966) was also suggested (M. Birnstiel, personal 
communication). Hybridisation on 0.45 jim pore-size Millipore filters 
can give accurate, reproducible results for some systems, but can be 
technically difficult for others (E.M. Southern, personal communication). 
Isolation of membrane-attached DNA. 
N-bands (Tremblay at al, 1969) are call extracts consisting of 
membrane and putatively attached DNA fragments. These fragments are 
thought to be the origin of replication and the replication forks. 
Thus, if cells were radioactively pulsed and M-bands immediately 
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extracted, most of the incorporated label would be in the M-bands. 
This should in theory provide a means of selecting for replicating P1 
DNA, as if only part of the genome has replicated, and the replication 
fork is "stuck", the greater part of the replicated fragment might be 
isolated in the M-band. 
Another, less sensitive, technique would be to isolate "membrane-
bound nucleoids", i.e.: membrane associated with all the DNA in the 
cells, for example by the technique of stonington and Pettiohn (1971). 
With either method differential labelling of the infecting 
200  and 
the pulse qiven to the cells at infection would be used (see below). 
Straight differential labelling. 
A radioactively labelled (label "a") phage lysate would be used 
to induce filaments- and the culture would be given a pulse of a 
different radioactive label (label "b") at the time of infection. 
Filaments would than be selected and their DNA extracted. This would 
consist of P1 DNA fully labelled with label "a" and pulse-labelled 
(if P1 replication occurred) with label "b" and chromosomal DNA 
pulsed with label "b". Sedimentation on a CsC1 gradient should 
separate the two types into discrete peaks as E.coli DNA and P1 DNA 
differ in 3-C content. Scintillation counting of the fractions of 
the gradient would reveal oosegregation of the two labels and thus 
reveal to what extent the 
200  had replicated. 
A "Meselson and Stahl" experiment with density labelling. 
A phage lysata grown in the presence of 5BU would be used to 
infect a culture growing in the presence of thymine. Filaments would 
be selected, and the DNA extracted as above. In this experiment only 
the P1 DNA would be considered. Markers of "hóavy" and "light" P1 DNA 
would have specific positions in a dye-buoyant density gradient. A 
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different, "lighter" position of the P1200 DNA extracted from filaments 
would indicate that in replicating, the P1 had incorporatsoine light 
label into its originally heavy genome. From the difference, the 
amount of replication could be estimated. 
Before attempting any of these methods it was important to 
determine how much of the P1 genome would be expected to replicate 
after exposure to 200 Jrn 2 of T.JV light, given that even one dimer will 
block a replication fork (Kelner, 1953). The P1 genxe contains 27% 
thymine (Ikeda and Tomizawa, 1968), which is approximately 1 base 
in 4. From Part A, Section 3 of the Results, 54% of these are 
adjacent, so there is a possible dinier once in every bases. On 
average, 84% of these possible dimers have actually dimerised in 
P1
200 , which means that a dimer will occur once in every19. bases 
throughout the genome. The total P1 genome contains about 9.5 x 10 
base pairs (as it is 1.9% of the E.coli genome (Ikeda and Tomizawa, 
1965) which contains 5 x 106  base pairs), therefore this means that 
on average only 0.01% of the P1 ganome could be replicated. (These 
calculations, giving 1 dimer per 0.01% genome, mean that the total 
number of dimers is of the order of 10,000 per genoine. This agrees 
well with the expected figure (see Part A, Section 3)). 
The amount of replication, then, which must be shown is 
approximately 2.0 base pairs in length. It is clear that the method 
chosen must be extremely sensitive to allow this degree of resolution. 
M. Birnetiel (personal communication) considered the methods of 
hybridisation mentioned above to be insufficiently good to show 
conclusively any replication of P1 200 . In view of the difficulties 
experienced in lysing filaments (see Materials and Methods), and the 
work of Korch (1976) on the importance of lysis conditions for the 
interpretation of DNA-envelope associations, it was decided not to 
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pursue the isolation of "membrane-bound DNA", since preliminary 
results were not promising (data not shown). 
Differential labelling and sedimentation on a buoyant density 
gradient was at first thought to be the method most likely to yield 
results. The technique of lysing filaments with chloroform (not 
suitable for isolating envelope-associated DNA, see Materials and 
Methods) was used, and pulsed filament DNA was put onto a CsC1 
gradient as described above. The cells were pulsed with 3H-thymine 
at the time of infection; the phage DNA had been pre-labelled with 
14C-thymin.. It was not easy to distinguish a discrete 14 C peak, with 
or without a corresponding peak of 3 H, although the pulsed chromosomal 
DNA gave a good peak (see Figure 12A). The reason for this was 
probably the relative amounts of P1 and chromosomal DNA. One P1 
genome is 1.9% of one E.coli chromosome. Filaments synthesise DNA 
at the normal rate (Teather, 1974). Thus, a population selected by 
the usual method (see Materials and Methods) will consist of filaments 
containing %8 chromosomes and only 1 P1 (Teather, 1974), i.e.: 400 
times (on average) as much host DNA as P1 DNA. P1 DNA has a buoyant 
density of 1.713 g cm-3 , which is not very far removed from that of 
£.coli (1.710 g cm- 3, from the formula of Schildkraut et al, 1962); 
it is likely, then, that the vast excess of chromosomal DNA masks 
the difference between the two. Indeed, a parallel gradient contain-
ing P1 DNA alone shows a peak of label at the same position as that 
from a filament lysats (see Figure 12B). In any event, it was not 
possible to show P1 replication by this method. It was therefore 
decided to combine a differential labelling experiment with a 
buoyant density shift experiment. 14C, 5BU-1abelled P1200 was 
used to induce filaments in cells growing in "light" medium, a pulse 
of 3W-thymine being given at infection. Filaments were selected as 
Figurel2. 	Radioactivity profile after a CsC1 buoyant density centri- 
fugation. A, filament lysate. o—o, 	C label; 	-•, 
3 H label. 	200 
 was prelabelled with 14C-thymine; at 
infection the culture was pulsed with 3H-thyinine. B, DN 
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usual. Excellent separation of marker "heavy" and "light" P1 DNA 
was found in dye-CsC1 (ethidium bromide or propidium diiodide) 
gradients, but the position of P1 DNA extracted from filaments could 
not be distinguished from that of the "heavy" marker. No peak of 
was found at the position of the P1 band when these gradients 
were fractionated, counted, and corrected for spill-over from the 
14 C channel (see Figure 13). It was concluded that the amount of 
replication undergone by PI 	was too small to be detected by200 
this method. A density shift can be seen in P1 which has not been 
irradiated and which can replicate freely (Ikeda and Tomizawa, 1965). 
. 
Figure 13. CsC1-EtBr dye-buoyant density gradient centrifugation of 
5BU- and thymine-labelled DNA. A, filament lysate. P1200 
was prelabelled with 5BU and 14C-thymine. Infection was 
carried out in medium containing thymine; a 3 B-thyinirie 
pulse was given at the time of infection. o--O, 14 C counts 
.-., 3 H counts. 3H counts were corrected for spillover 
from the 
14  C channel. B, marker 5BU, 
14 
 C- and 
3 B-thyiflifle 
labelled P1 200DNA. o--o, 14C counts; e-•, 3 H counts. 
counts were corrected for spillover from the 14C channel 
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C. The Localisation of a Blocked Replicon. 
Because of the difficulties experienced in demonstrating 
replication of P1 2 , it was decided to attempt to gather evidence 
for the blocked replicon hypothesis by some other method. According 
to the hypothesis, a blocked replicon will not be able to relieve its 
attachment to the cell envelope. A prediction of this might be that 
the blocked replicon would become permanently attached to a membrane 
sits. It was therefore decided to test this prediction by examining 
the intracellular location of 200  DNA to see if it was found in 
any particular position within the filament which it induced. This 
was done by autoradiography followed by determination of silver 
grain position under the light microscope. Filaments containing 
silver grains are shown in Figure 14 • These filaments appear different 
from those shown in Figure 10 because in order for the silver grain 
to be sharply visible the microscope must be focused in a plane 
different from that in which the filament itself lies. 
1. The intracellular localisation of Pl 2 . 
3H-thyznine labelled 
200 
 was used to induce filaments of 
AB1886, which were then selected as usual. Authradiographs were 
made as described in Materials and Methods. The positions of the 
centres of silver grains relative to the nearer end of the filaments 
were measured. Filament length, which varied because the population 
of cells was asynchronous, was normalised to 1.0. Each filament 
measured contained one silver grain. Results are shown in Figure 15. 
It is clear that grain position is not random, but is predominantly in 
the centre of the filaments. This localisation could occur if the 
plaamid DNA were attached to some cellular component which maintained 
a fixed position during cell growth, such as a part of the membrane. 
If this proposed attachment is to the membrane, then it could be 
B 
0 
Figure 14. Appearance of filaments after autoradiography. A, 
labelled Pl 2 -induced filament. B, prelabelled parental 
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Figure 15. Localisation of P1 2w DNA. Distribution of silver grains 
in autoradiographs of filaments induced by UV-irradiated, 
3H-labelled P1. Total number of grains and filaments = 
169. Mean filament length = 20.0 urn; standard deviation 
= 10.5 urn. 
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direct, or via an association with something which is itself membrane-
attached, such as a strand of the host chromosome. 
Localisation of chromosome DNA in P1-induced filaments. 
To test whether preinfection (parental) host DNA was involved 
in the localisation of 200 
 DNA, its position was measured in 
filaments. To reduce as much as possible the number of DNA strands 
present at infection, the cells were pre-grown in minimal succinate 
medium supplemented with 3H-thymine. The doubling time of AB1886 in 
this medium was 180 minutes at 370 The prelabelled cells were then 
shifted to unlabelled L broth, so that only the chromosomes present 
at the time of infection would be labelled, and infected with 
unlabelled Pl2)  phage. Grain positions were then determined in the 
resulting filaments. Results are shown in Figure 16. In figure 16B, 
the "left" end of the cell was chosen as that which had a grain 
closest to its pole. This results in skewing, but gives a distribution 
which is more clear, overall, than that in Figure 16A, where "left" 
and "right" poles are not assianed and the two halves are superimposed. 
Subsequent figures are plotted asin Figure l6B. From this it appears 
that preinfection host chromosomal DNA is not randomly located within 
the filament; furthermore, its location is quite different from 
that of the P1 DNA (c.f. Figure 15). Thus the 200  association with 
the cell membrane is likely to be direct, although it is possible 
that the 
200  DNA is maintained in a central position by some kind 
of interaction with both strands (perhaps uncoiled) of the parental 
chromosome 	sprk {'e facE ±aL€ +e 9L11< 0± 
Liie pant3/ :Pr; 
r,eatA. 
Localisation of chromosome DNA in penicillin-induced filaments. 
The segregation pattern of parental DNA in P1-induced filaments 
is clearly not random. It was of interest to ask whether this is a 






















Figure 16. Localisation of prelabelled parental DNA in p1-induced 
filaments. Distribution of grains in autoradiographS of 
3H-labelled parental DNA in P1-induced filaments. A, 
Grains are plotted with respect to their nearer pole; 
the two halves of the cell are superimposed. B, Grains 
are plotted with respect to the "left" pole, as defined 
in the text. Total number of grains = 468. Total number 
of filaments = 234. Mean filament length = 13.3 1-im; 











represents a normal pattern of segregation which could be detected 
in filaments induced by different means. The segregation pattern of 
parental DNA was therefore determined in filaments induced by 
penicillin (see Materials and Methods). Cells were pre-labelled as 
before in minimal succinata medium, then shifted to unlabelled L broth 
in the presence of enough penicillin to prevent further cell division 
without reducing the rate of cell growth (Starka, 1971). Figure 17 
shows the silver grain distribution in autoradiographe of the 
resulting filaments. The distribution of label in this case is quite 
different from that found for P1-induced filaments (c.f. Figure 16B); 
?(0.005 by t test. This indicates that parental DNA strands can take 
up many different possible positions in a penicillin-induced filament. 
Infection with LW-irradiated P1 therefore prevents normal segregation 
of pre-existing host chromosomal DNA strands. 
4. Position of post-treatment chromosomal DNA in filaments. 
In order to test whether the segregation pattern was affected 
in subsequent rounds of chromosome replication, cells were also 
labelled during filament formation after induction either by infection 
with LW-irradiated P1 or by treatment with low concentrations of 
penicillin. Distributions of silver grains in these cases are shown 
in Figures 18 and 19 respectively. The distributions are similar to 
one another, and show that chromosomal DNA synthesised during filament 
formation becomes distributed throughout the filament. The presence 
of P1 
200 therefore prevents the normal segregation only of pre-existing 
DNA strands, and not of DNA synthesised after infection. 
S. Position of superinfecting 200  DNA in a P1 lysogen. 
The effects of infection with radioactive 200 
 were also 
studied using a P1 lysogen of AB1886 as a recipient. In this case 
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Figure 17. Localisation of prelabelled parental DNA in penicillin-
induced filaments. Distribution of grains in autoradio-
graphs of 3H-thymine labelled parental DNA in filaments 
induced by penicillin. Total number of grains = 384. 
Total number of filaments = 192. Mean filament length 
= 18.0 pm; standard deviation = 6.9 pm. The skewness is 
due to the random segregation of DNA strands; if the 
position of one is fixed, by the method of scoring, there 
is a higher probability of the other being in the same 
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Figure 18. Chromosome segregation pattern inPi-induced filaments. 
Distribution of grains in autoradiographS of 3H-thymine--
labelled P1 2w-induced filaments. Total number of grains 
= 759. Total number of filaments = 158. Average number 
of grains/filament = 4.8. Mean filament length = 6.5 urn; 
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Figure 19. Chromosome segregation pattern in penicillin-induced 
filaments. Distribution of grains in autoradiographs of 
3H-thymine-labelled penicillin-induced filaments. Total 
number of grains = 458. Total number of filaments = 85. 
Average number of grains/filament = 5.4. Mean filament 
length = 7.5 pm; standard deviation = 2.6 pm. 
would be prevented as the plalmid would be subjected to the action of 
repressor produced by the resident P1. In this case, indeed, no 
filamentation occurred. To check whether the 200  DNA was localised 
in such an immune cell as it was in a non-lysogen, filaments were 
induced with penicillin following infection of the lysogen with PI 200* 
Grain position in these filaments is shown in Figure 20. In this 
case the DNA of the superinfecting plasmid shows no marked localisation, 
and its position is significantly different from that shown in 
Figure 15 (Pc0.01 by t teat). 
6. Position of unirradiated P1 DNA. 
To test whether localisation of phage DNA was associated with 
its inability to replicate, cells of AB1886 were infected with 
labelled, unirradiated P1, in the presence of low concentrations of 
penicillin. Autoradiographs were then made of the resultant 
filaments: silver grain distribution is shown in Figure 21. It is 
clear that the grains could be found throughout the filament. 
These results demonstrate that when division is blocked in a 
uvrA cell by the introduction of a UV-irradiated plasmid, the plasmid 
DNA is found to be localised permanently in the centre of the 
resulting filament. This localisation is not found after infection 
with unirradiated P1, nor when the infected cell already contains a 
P1 plasmid. In addition to this, the segregation of the parental 
chromosome DNA is affected in cells whose division has been blocked 
by the presence of a UV-damaged plasinid. The parental chromosome 
strands become fixed at two locations, one on each side of the filament 
centre. When division is not blocked in this way, these parental 
strands are found at other locations throughout the cell. The 
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Figure 20. Localisation of P1 2w DNA in a P1 lysogen. Distribution 
of grains in autoradiographs of penicillin-induced 
filaments of AB1886 (P1) which had been infected with 200  
labelled with 3H-thymine. Total number of grains = 119. 
Total number of filaments = 119. Mean filament length = 
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Figure 21. Localisation of unirradiated P1 DNA. Distribution of grains 
in autoradiographs of filaments, containing 3H-thymine 
labelled P1, induced with penicillin. Total number of 
grains = 240. Total number of filaments = 120. Mean 
filament length = 10.1 pm; standard deviation = 3.4 pm. 
As in Figure 17, the pronounced skewness is due to the 
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prevent division at all the many potential division sites (Donachi. 
and Begg, 1970) in the resulting filament. 
Taken together, these observations suggest that the attachment 
of a blocked replicon to a single site at the cell envelope may give 
rise to conformational or structural changes throughout the membrane 
such as to prevent septation at any point, and to impede the free 
segregation of the parental chromosome strands. This fulfils the 
predictions of the blocked replicon hypothesis, and further shows that 
the replication of p1amid DNA takes place in association with the 
cell envelope. The fact that in the case described above normal 
segregation of parental DNA is prevented suggests that the membrane 
does indeed play a part in the segregation of replicated chromosomes, 
as was suggested by the Replicon hypothesis (Jacob et al, 1963). 
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D. The Effect of a Blocked Replicon on the Cell. Envelope. 
One possible interpretation of the results presented in 
Section C above is that the attachment of a blocked replicon to the 
cell envelope (attempted replication) causes a change in the inter -
actions between the membrane proteins, with the result that cell 
division is blocked. As little is known about the structure and 
function of membrane proteins (Leibowitz and Schaechter, 1975; 
Portalier and Worcel, 1976; James, 1975; Lutkenhaus, 1977) it is 
difficult to specify the nature of this proposed change. However, 
the most likely way of demonstrating any change is to separate the 
membrane proteins by polyacrylamide gel electrophoresis (Laennnli, 1970) 
and look for changes in the proportions of the various proteins. 
Membrane extracts were prepared from AB1886 and P1-induced 
filaments of this strain, as described in Materials and Methods, and 
run on 161 acrylamide gels. The results are shown in Figure 22. 
Once again, interpretation of the data is complicated by the poor 
yields obtained from filaments. This is probably due to the technical 
problems involved in filament lysis. The profile of filament outer 
membrane shown in Figure 22E is the total yield from a starting 
culture of 100 ml of cells of AB1886 at an 
540  of 0.2, infected 
with P1200 at an moi of 1.0. Better yields, in terms of amounts of 
protein, are obtained from total membrane preparations; however, 
there is a strong possibility of contamination of these samples with 
total cell protein during sample preparation (J.F. Lutkenhaus, 
personal communication). Consequently, it is inadvisable to draw 
too many conclusior about possible differences in the whole membrane. 
From the profile of filament outer membrane, there appears to 
be one band (marked with an arrow), which is enriched compared with 
the normal sized, uninfected, cell extract. From its position in the 
41 
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-I- 
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Figure 22. Poly-acrylamide gel electrophoresis of membranes from 
uninfected cells of AB1886 (control) and from P1
200
- 
induced filaments. A, standard proteins (see Materials 
and Methods). B, control, total membrane. C, filaments, 
total membrane. D, control, outer membrane. E, filaments, 
outer membrane. Arrow indicates the position of the 
53,000 dalton peptide. Numbers denote the molecular weights 
of the standard proteins and of the major outer membrane 
bands. 
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gel (Weber and Osborn, 1969) its molecular weight was estimated at 
53,000 daltons. It was not possible to demonstrate more clearly the 
enrichment by scanning the gel: the low intensity of the bands 
compared with the background made scanning impracticable (data not 
shown). The lightness of the bands was reflected in the radioactivity 
of the samples: the normal, uninfected cells and the filaments were 
exposed to the same concentration of radioactivity during growth (see 
Materials and Methods). The outer membrane sample from normal sited 
cells contained over 2000 counts of 
35 
 S per minute per microlitre, 
whereas the outer membrane sample from the filaments contained only 
180 counts of 
35
S per minute per microlitre. This level of radioactivity 
meant that an autoradiograph would require to be exposed for 6 months 
under standard conditions (Lutkenhaus, 1977) to give discernible bands. 
To circumvent this problem, the same number of counts per 
mLnute in each sample were loaded onto a gel. After running the gel, 
the upper third, containing the 53,000 dalton peptide (which was 
again barely visible), was sliced and the radioactivity of each slice 
measured (see Materials and Methods). The result of this, and the 
corresponding length of gel from an uninfected cell sample, are shown 
in Figure 23. Because the size of the peak at slice number 22 is 
similar in both samples, it was assumed that the gel profiles are 
approximately comparable. Differences between them are quite clear. 
The filament extract shows enrichment of one band (the 53,000 dalton 
protein from its position). It also has relatively reduced amounts 
of the dark bands of smaller peptides (molecular weights approximately 
40,000 and 35,000 daltons) seen in the profile of outer membranes 
from uninfected cells of AB1886. 
It must be emphasised that because of the low counts loaded 
onto the gel it would be unwise to correlate categorically the 
Figure 23. Radioactivity profile of outer membrane proteins of 
uninfected cells of AB1886 (A), and Pl2oc_induced filaments 
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appearance of the 53,000 dalton protein with filamentation induced by 
irradiated P1. The lack of the lower molecular weight peptides, which 
are characteristic of the outer membrane of E.coli, might indicate 
some error during sample preparation. As the samples were subjected 
to identical treatment, in parallel, throughout the extraction 
procedure, any error is probably due to differential susceptibility 
of the two samples to the treatment. It is clear that such a difference 
does exist to some extent because of the low yield of filament outer 
membrane compared with the control. However, to explain the results 
in these terms it is necessary to postulate preferential loss of 
some peptides. Although this is possible in theory, there is no 
obvious reason why it should occur. 
Assuming, then, that the appearance in the outer membrane of 
a relatively large amount of a protein of molecular weight 53,000 
daltons is a real effect of P1-induced filanieritation, the question 
arises as to its role. There are three possibilities for this. 
Firstly, it might be involved in the attachment of P1 DNA to the 
cell envelope, perhaps constituting the P1 binding site, if such a 
specific structure exists (Jacob et al, 1963), and being induced only 
in the presence of P1. Secondly, it might be associated with the 
altered segregation pattern of the parental DNA strands. Thirdly, 
it might be correlated, either as cause or as affect, with the 
inability to septate demonstrated by these infected cells. Extensive 
work would be required to elucidate the role of this protein. 
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DISCUSSION 
The work presented in this thesis relates to the effects on a 
host cell of a plasmid whose replication has been blocked by UV-
irradiation. The effects observed occur whether the host cell is 
uvr+ or uvr; however, because in a uvr+  cell the changes are 
reversible, for simplicity the experiments have been carried out using 
a uvrA strain as host. 
When a non-lysogenic cell receives a UV-irradiated phage P1 three 
results are possible. (Figures given are for 
200 
 at an moi of 1.0.) 
In rare cases (Cl in lO s ) the phage can enter the lytic cycle and a 
burst of viable particles is produced. In up to 15% of cases, cell 
division is suppressed and a multinucleate filament is produced. In 
up to 50% of cases the host cells cease growth and are unable to form 
colonies on plates. The remainder of the cells do not receive a phaga 
particle. The proportions of the three effects described here are 
related to the UV dose received by the phage. Plaque-forming ability 
decreases with increasing dose; cell kill and filamentation increase 
up to certain limits and then remain constant. Further work was 
confined to the examination of filaments. 
Filaments were produced only in L broth, although this was found 
to be essential only for the expression, and not the induction, of the 
phenomenon. In this context, Ephrati-Elizur (personal communication) 
has found that 0.5% yeast extract can suppress the filamentous 
phenotype of tif mutants at the restrictive temperature, showing that 
sensitivity of filament expression to nutrients may be a widespread 
effect. Pantoyl lactone, and a mixture of cytidine plus guanosine 
suppressed filament formation; adenine had no effect. 
The fact that these effects are reversible when the cell is 
proficient in excision repair of pyrimidine diners suggests that they 
are due to the persistence of such diiners in the plasmid DNA. These 
can block a replication fork (Kelner, 1953). Replication can 
recommence after such a block, leaving a gap which has been estimated 
as 1000 bases in length (Iyer and Rupp, 1971); however, P1200 has a 
dimer approximately every ten bases along its genome, so any 
recommencement of replication would itself be blobked in a very short 
time. Indeed, the total amount of replication undergone by these 
plasmids (if any) is too small to be demonstrated by conventional 
methods. 
Examination of the position of a blocked replicon in the filament 
which it induces shows that it is fixed in the centre, i.e.: in the 
parent cell, as cell growth is bidirectional (Begg and Donachie, 1973 
and 1977). This indicates that an attachment to some component in 
the parent cell has become permanent, in contrast to the situations 
where the incoming plasmid is completely repressed, or is undamaged. 
It is proposed that this attachment is to the cell envelope. 
The involvement of the membrane in this system merits some 
consideration. DNA-membrane attachment was first formally proposed by 
Jacob and Brenner (1963). Isolates of such complexes have revealed 
(e.g.: Stonington and Pettijohn, 1971; Worcèl and Burgi, 1974) that 
both outer and cytoplasmic membrane proteins appear to be associated 
with DNA. This has been explained by the postulated fusion of outer 
and cytoplasmic membranes, as shown by Bayer (1968) in electron micro-
graphs. It has also been interpreted as implying that DNA attaches to 
the outer membrane (Gudas et a]., 1976) via a specific protein, protein D, 
and that inner membrane proteins are contaminants. However, it now 
seems likely that protein 0 is an artefact induced by the experimental 
procedure (Churchward and Holland, 1976). Indeed, Portalier and Worcel 
(1976) have recently shown a specific attachment between DNA and two 
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cytoplasmic membrane proteins: they suggest that previous work has 
been complicated by non-specific membrane contamination of the extracts. 
In view of this latest finding, it is questionable whether the 
53,000 dalton protein found in the outer membrane of P1-induced 
filaments is involved in the attachment of P1 DNA to the cell envelope. 
It is perhaps more likely to be correlated with failure to septate, as 
septation does involve the outer membrane. If this is the case, then 
the protein should be found in all cases where cell division is 
suppressed. However, penicillin-induced filaments would not be a good 
test of this as penicillin may itself alter the membrane proteins by 
its action. There have, however, been no reports of a 53,000 dalton 
protein appearing after suppression of cell division, for example in 
tif cells at high temperature. The possible significance of this 
protein is therefore far from clear. 
The results presented above implicate the cell envelope in 
chromosome segregation, as proposed in the Replicon hypothesis (Jacob 
and Brenner, 1963). The work of 1orch et al (1976) suggests that 
DNA is permanently attached to the cell envelope, and that segregation 
occurs by translocation of areas of the envelope (Cooper and Weinberger, 
1977). Implicit in this is the idea that failure to segregate 
chromosomes is the result of failure to translocate areas of cell 
envelope. This need not necessarily interfere with normal cell 
elongation (for example in thymine-starved cells: see photographs by 
Howe and Mount, 1975). Indeed, results presented here suggest that 
failure to translocate at one stage need not affect subsequent 
trans locations. 
The nature of the DNA-envelope attachment also seems ambiguous. 
It appears that an unterminated replicon is attached in a way different 
from a terminated replicon. It has been suggested (Donachie, 1974) 
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that termination is accompanied by a separation between the DNA and the 
envelope. However, if the binding is normally permanent, it is more 
likely that termination is associated with a change in the binding 
rather than a complete cessation of it. At this point it should be 
mentioned that Rosner et al (1968) have shown that indirect induction 
of a A lysogen by a UV-irradiated P1 can be prevented in some cases 
by simultaneous introduction of an unirradiated P1 (though not by an 
unirradiatad F). This suggests that there may be competition 
between the two for a single binding site. This might mean that every 
replicon has a specific binding site, or that binding of a replicon 
changes the membrane configuration in such a way as to prevent 
subsequent binding of homologous replicons. 
At this point the SOS hypothesis should be considered. Filament-
ation caused by a UV-irradiated plasmid has been proposed as one of the 
coordinately inducible SOS functions. These functions may be a means 
of maintaining cell viability in adverse circumstances. It is 
difficult to judge the advantage of filamentation for cell survival, 
particularly as in minimal medium which may come closest to natural 
conditions, it does not occur. However, since in L broth the 
alternative to filamentation is death, on this criterion it may indeed 
be judged an SOS function. The indUcer of SOS functions is proposed 
as an indication of damage to the DNA of the cell. The possible 
candidates so far suggested (Witkin, 1976; Sedqwick, 1976; Bridges 
et al, 1977) are an adenine derivative, possibly a DNA precursor or 
breakdown product, persistent (possibly overlapping) daughter strand 
gaps, and pyrimidine dimers themselves (or similar DNA damage). In 
the case of P1-induced filaments the inducer is unlikely to be an 
adenine derivative as exogenous adenine has no effect on filament 
expression. In any case this possibility seems implausible as the 
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precursors or breakdown products of P1 DNA are likely to be "swamped" 
by the synthetic activities which produce a relatively enormous amount 
of chromosomal DNA. The inducer is also unlikely to be daughter strand 
gaps, as in this specific case the daughter strands would consist of 
only about 10 base pairs and therefore can hardly be considered strands 
at all. The third possibility for the inducer is one or more 
pyrimidine dimera. This was originally thought not to be the case for 
SOS functions as dimers can be repaired quickly, possibly too fast for 
the induction processes to occur. However, it has recently been found 
by Miller (E.M. Witkin, personal communication) that over 30% of UV-
induced mutations in the lac i gene are caused by two adjacent base 
substitutions at sites originally occupied by pyrimidine dimers. This 
suggests that dimers can persist without being split or excised for 
long enough to allow error-prone repair. It is possible also, of 
course, that it is the distortion in the DNA chain caused by a 
pyrimidina dimer which acts as the inducer. Pyrimidine dimers are 
indeed gaining favour, as they would provide a "sliding scale" of 
dose-response which would account for the different minimum UV doses 
needed to induce different SOS functions 	(M.ff. Green, personal 
communication). Certainly, in the case of P1-induced filaments the 
most likely primary signal is pyrimidine dimers, as they are 
undoubtedly present. This inducer is equally consistent with the 
blocked replicon hypothesis. 
Another criterion used to judge presence or absence of SOS 
functions is the appearance of protein X. This is a 40,000 dalton 
protein which is induced during conditions of SOS expression. When 
UV-irradiated Hfr DNA is introduced into a cell, protein X is induced 
(N. Willetta, personal communication) yet neither filamentation nor 
A induction occurs (Devoret and George, 1967). There is no evidence 
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of X induction in the case of P1-induced filaments. This suggests 
that this type of filamentation is not mediated in the same manner 
as the other proposed SOS functions. The SOS hypothesis may be valid 
in many instances, but it should not be invoked to explain every 
ill-understood observation related to cell division, DNA synthesis 
and prophage induction. 
The indications are, then, that the phenomenon investigated 
can be explained by the failure to terminate replication of a replicon. 
It is interesting to note that there are temperature-sensitive clear 
plaque mutants of P1 (Scott, 1970) which will prevent division in a 
lysogenic cell at the restrictive temperature, while not affecting 
host DNA synthesis. Similarly, Miki (N. Otsuji, personal 
communcation) has isolated temperature- sensitive mutants of F with 
a similar phenotype. The blocked replicon hypothesis predicts 
that such mutants could occur in all plasmids, and that they would 
all have a permanently altered association with the cell envelope. 
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Running Title: 
Localization of a blocked replicon. 
Abstract. 
Cell division in a uvr mutant of Eschericbia ccli is suppressed 
by introduction into the cell of a UV- irradiated plasmid. Autoradio 
:graphy was used to determine the localization of the incoming plaid, 
and the segregation pattern of the host chromosomes. 
]ritroduction. 
Cell division in Escherichia coil normally cannot take place until 
ftEYr the termination of a round of chromosome replication (3,6,11,15). 
iher, termination is prevented, the cell therefore grows to form a long 
filament. 	There is evidence which suggests the possibility that division 
ray also require termination of replication of certain plasnids, if these 
re 	present in the cell (5,7,20,22). 	If plasmids of this class are 
)revented from replicating by a dose of UV- irradiation prior to their 
Lntroduction into a cell, then host cell division is blocked even though 
eplication of the host chromosome is apparently unimpaired (20). Uv-irradiation 
;auses thymine dimers to be fornied in DNA (24) and these diiers block the 
)rcgreSS of the replication fork (17). 	In a cell which can repair UV- 
da.,aged DNA, filamentation which has been caused by the introduction of an 
Lrradiated plasmid is temporary and the filament will divide into normal- 
sized cells after some time (which is proportional to the UV dose : R.M. Teather, 
:personal co:_unication). If, however, the cell is rezair-deficient, filantatiOfl 
ill persist al:cst indefinitely (. eatrier, Ph.D. Thesis, Ucversity of 
1dinburgh,l974) . The block to divisin by an irradiated plasmid is also relieved 
in a recA strain (5,20,22, R. Teather, Ph.D. Thesis, University of Edinburgh, l974) 
this is in keeping with the reported effect of this mutation in uncoupling cell 
division from chromosomal DNA replication (14). The class of plasmids (including 
coil (20) , F (5) , and P1 (22, R. Teather, Ph.D. Thesis, University of Edinburgh, 
1974) which, when irradiated, induces fi1aientatiOfl, will also cause prophage 
to be induced, if the recipient cell is a A lysoger (2,5,20,22). These phenomena 
have been integrated into a hypothesis (the so-called "SOS repair hypoteSiS") 
whkch proposes the existence of a series of functions which become induced by 
the presence of WA degradation products and which result in the inactivation of 
the A repressor (21,27). In t is context it may be emphasised that only if the 
introduced plasmid is a replicon are A induced and cell division blocked. Thus 
if incomplete chromosomal WA is introduced into a cell from UV-irradiated Hf r donor 
no induction of A or block to cell division arises (J. L. Rosner, Ph.D. 
Dissertation, Yale University, 1967). 
3. 
The relationship between A induction and cell division is unclear and we 
have therefore confined our experiments and arguments to cell division. 
From this viewpoint the simplest hypothesis (7) to explain the effects of 
irradiated plasmids on cell division is that, 	as has been proposed 
for the chromosome (10,16) 	initiation of replication, perhaps at a 
membrane site, sets up a block to cell division which can be relieved only 
by completion of the replication of that replicon, perhaps followed by 
release from the membrane site (6). 	A prediction of this hypothesis 
could be that the UV-damaged replicon would become permanently bound to a 
membrane site. 	We have therefore examined the intracellular location of 
UV-irradiated P1 DNA in cells which have been blocked in cell division as 
a consequence. Our observations support this model. 
4. 
MATERIALS AND METHODS 
Strains. 	The bacterial strain used was E.coli K-12 AB1886 (F thr lie  
proA his 	thi uvrA-6) M. The bacteriophage was P1 CN (13) , which 
carried a chlorampheniCOl resistance marker. 	Both bacteria and phage 
were from the stocks of this laboratory. 	A P1 lysogen of AB1886 was 
identified by its resistance to P1 kc (18) , a clear plaque forming phage, 
while retaining its ability to act as a recipient in P1-mediated transthictiOfl. 
Culture conditions. 	Cells were usually grown on L Broth (18) 
supplemented with 1% glucose. 	For the prelabelling experiments cells 
were grown in M9 minimal medium (4) with 1% succinate as the carbon 
source, supplemented with the appropriate amino acids at a concentration 
of 20 Wg/ml each, and thiamine at a concentration of 10 ug/mi. Cells 
were a1wys grown at 37°C with shaking. 	
Phage were propagated by the 
plate lysis technique (26) using L Broth agar supplemented with 5mX Ca 2+ 
uv irradiation. 5 ml aliquots of phage at a titer of 10 - 
10 10 pfu 
(plaque forming tits/ml) on AB1886 prior to irraiat.on 
were exposed in glass Petri dishes to 2000 ergs/mm 2 (as measured with a 
Latarjetdosimeter) from a Hanovia bactericidal UV lamp. This dose gave 
the maximum number of filaments in cells subsequently infected with the 
phage and between 99.90 and 99.99% reduction in plaque-forming ability 
as assayed on AB1886. 
Filament selection procedure. A culture of A3136 was grown to 
OD540 
	(all OD measurements were made using a Huger-Wattsspectrophoto
- 
meter: Hilger-Watts Ltd., London, England) in L Broth plus glucose, 
supplemented with 5 mM Ca2 t 	Irradiated phages were added at a multiplicity 
of infection (m.o.i.) of 1.0 (m.o.i.s above this allowed 	multiplicity 
reactivation: 19), and allowed to adsorb for 10 mm. The culture was 
then filtered through a 0.45 .im pore size Millipore filter (Millipore U.K. Ltd., 
London, England) and washed three times with equal volumes of prewarmed 
5. 
phosphate buffer. It was then resuspended in prewarmed medium without 
calcium. 	This was to avoid super-infection. 	The cells were then allowed 
to grow for 1 hr, after which time a freshly made solution of penicillin 
("Solupen", Dista products Ltd., Liverpool, England, or 'Penbritin" 
ampicillin, Beecham Research Laboratories, Brentford, England) was added 
to a final concentration of 400 i.u./mi (Solupen) or 20 pg/mi (Penbritin). 
Incubation was continued for a further. 1 hr., after which the culture 
was filtered through a 14 pm pore size Millipore filter to remove cell 
debris and wilysed small cells, washed with three volumes of cold buffer, and 
resuspended in 0.2 volumes of cold buffer. This treatment lysed dividing 
cells but left filaments intact. 	This procedure consistently gave abcut 
80% filamcnts in the final suspension. A culture in which filaments had 
not been' enriched in this way qoncained about 10-12% filaments by Petroff -
ausser count; up to 40% of the normal sized cells were dead in terms of 
plating ability. 
Autoradiography. 	Clean glass microscope slides were coated with 
subbing solution (2.5 g gelatin, 50 mg chrome alum in 500 ml distilled 
water) and allowed to dry at room temperature in a dust-free area. 
The subbed slides were then loaded with several loopfuls of the filament 
suspension and dried at room temperature. 	The high-speed scintillation 
method of Dune and Salmon (9) was used: slides were dipped in L4 emulsion 
(Ilford Ltd., Essex, England) and dried for 1 hr in the dark. 	They were 
then dipped into intiBant(35 g diphenyl oxazole (PPO) , 100 mg 1, 4 bis-(2-(4-
methyl-5-phenylOxazolYl) )-benzene (POPOP) in 500 ml thoxane) and exposed 
in the dark at -70°C for 4 days. 	Before developing slides were allowed to 
return t.o room temperature. 	Immediately prior to staining with methylene 
blue, slides were dipped into methanol to remove crystals of scintillant. 
Slides were examined by means of a Zeiss photomiCroScope (Carl Zeiss, 
Oberkochen, West Germany). 
Penicillin-induced filaments. 	Low concentrations of penicillin can be 
used to induce multinucleate filaments (25). A culture of AB1886 in L Broth 
plus glucose was grown to 0D 540 =0.l. Arpicillin was added to a final 
concentration of 2jig/ml and incubation continued for 75 min. 	At this 
time about 90% of the culture had filannted. 
Radioactive labelling. 	(i) Bacteriophage P1CM. This was done by 
adding 20 Ul (20 Ci/mmol, 1 mCi/mi; final radioactive concentration, 
20 1,Ci/ml culture) 3H-thyinine and 50 jl-of a 1 mg/ml solution of deoxyadenosine 
per ml to agar plates. 	Plate lysates were then made as usual. 
(ii) Bacteria. 5 jil of the 3H-thytnine and 25 l of the deoxyadenosine 
solutions described above were added per ml of culture. 	For fully 
labelled filaments, cells were grown in broth with added label. 	For 
prelabellng experiments cells were grown in radioactive minimal succinate 
medium, then filtered, washed and resuspended in non-radioactive broth 
prior to phage infection or penicillin treatment. 
7. 
RESULTS 
Localization of a "blocked replicon". 	Cells of AB1886 growing in 
L Broth were infected with ?H-thymine labelled, UV-irradiated P1. 
After allowing 1 hr for filament formation, filaments were enriched and radio-aUtO 
:graphs made as described above. 	The position of the centers of silver 
grains was then measured relative to the ends of the filaments. 	Results 
are shown in Figure 1. 	Filament length has been norma1iZd to 1.0 and 
grain position expressed as fractional distance from the nearer end. 
Filaments containing only a single grain were scored. 	Grain position is 
clearly not random but is predominantly in the center of filaments. 	Such 
a permanent position could be obtained if the plasmid attached to a 
component which remains in position during cell growth, such as the membrane. 
If this attachment is to the membrane it could be direct, or via some 
association with a strand of parental chromosome. 
b) 
	Localization of chromosome DNA in P1 induced filaments. 	The 
location 	of 	preinfection (parental) chromosomal DNA was therefore 
measured in filaments. To reduce as much as possible the number of DNA 
strands present initially, the cells were labelled with 3H-thymine during 
pregrowth in minimal succirate medium. The prelabelled cells were then 
shifted to unlabelled L Broth and infected with unlabelled, irradiated P1 
phage. 	Grain positions were then determined in the resulting filaments. 
Results are given in Figure 2. 	In Figure 2B, the "left" end of the cell 
was chosen as that half which had a grain closest to its pole (for this 
figure only cells with two grains were measured). 	This method of plotting 
the data results in skewing but is preferred to the alternative, Figure 2A, 
(in which "left" and "right" poles are not assigned) because it gives a _- 
qpanrc.t1 bimodal distribution. 	This is presumably because the two 
segregation units maintain a fixed spatial relationship to one another, but, 
as a pair, are somewhat less rigorously localized within the cell. 
I 
We may therefore conclude that preinfection host chromosomal DNA is 
not randomly located within the filaments. 	Furthermore the location of 
this DNA is quite different from that of the introduced plasmid DNA 
(Figure 1). 
Localization of parental chromosome DNA in filaments produced by penicillin. 
The segregation 	pattern of preinfection chromosomal DNA in filaments 
induced by irradiated P1 is clearly not random. 	The question therefore 
arises as to whether this is a special feature of filaments produced in 
this way or whether this represents a normal pattern of segregation 
which could 
be detected in filaments produced by quite different means. Cells were 
prelabe1ld as before in minimal succinate medium and shifted to unlabelled 
L Broth in the presence of enough penicillin to prevent further cell 
division without reducing the rate of cell growth (25). 	Figure 3 shows the 
distribution of grains in autoradiographs of the resulting fi1aents. 
The distribution of label found in this case is quite different from that in 
P <0.005 by t test) 
Figure 2 and shows that the original labelled DNA strands can take up many 
different possible positions in the penicillin-induced filament. 	Infection 
with UV-irradiated P1 therefore prevents the normal segregation of pre-existing 
host chromosomal DNA strands. 
Position of post-treatment chromosomal DNA in filaents. 	Cells 
were 	labelled 	also during filament formation, following infection 
with irradiated P1 or treatment with penicillin. Figures 4A and 13 show 
the observed distributions of silver grains in P1-induced and penicillin-
:induced filaments respectively. These distributions are similar to one 
another and show that chromosome DNA synthesised during filament formation 
becomes distributed throughout the filament. 
The presence of UV-irradiatd P1 therefore prevents the normal segregation 
only of pre-existing DNA strands and not of DNA produced after infecticn. 
9. 
Position of sterinfecting UV-irradiated P1 DNA in a P1 lysogen. 
The effects of infection with radioactive, irradiated P1, were studied also 
using a P1 lysogen of AB1886 as a recipient. 	As expected, no fi1azritatiOfl 
was induced (5,20,22). 	To check whether superinfecting UV-irradiated P1 is 
localized in such an immune cell, as it is in a non-lysogerliC cell, 
filaments were induced with penicillin following infection of the lysogen 
with labelled WV-irradiated P1. 	Grain position in these filaments is 
shown in Figure 5. 	In this case the DNA of the superinfectir.g plasmid shows 
no marked localization, and is significantly different from Figure 1 (P <0.01 
by t test). 
Localization of parental phage DNA after infection with unirradiated P1. 
To test whether the permanent localization of parental DNA strands to a 
specific ite in the cell was associated with failure to replicate, cells of 
A31886 were infected with unirrad.iated, 3H-thymine labelled P1 in the 
presence of penicillin. 	AutoradiographS were then made of the filaments 
produced from these cells. Figure 6 shows that grains are again found 
throughout the filament. 	The parental strands of replicating P1 DNA are 
therefore not permanently fixed at any particular place in the cell. 
10. 
DISCUSSION 
The experiments described in this paper demonstrate that when 
division is blocked in a uvrA cell by the introduction of a UV-irradiated 
P1 plasmid, the plasmid DNA is found to be permanently localized in the 
center af the resulting filament. 	Unirradiated P1 does not behave in 
this way; nor does irradiated P1 superinfecting a P1 lysogen. Inhibition 
of cell division and the localization of UV-damaged plasmid DNA to the cell 
center are correlated. 
In addition, the segregation of parental chromosome DNA is affected 
in cells which are blocked in division by infection with a UV-daaged 
p1asrid. 	The parental chromosome strands become fixed at two locations 
on either side of the cell center. 	When division is not blocked in this 
way, pare ital chromosomal DNA is found at other locations throughout the cell. 
Our hypothesis (7) is that the incoming UV-irradiated plasmid DNA 
contains a large number of thymine dimers which do not prevent the 
initiation of plasmid DNA replication but which block the progress of the 
replication forks, so that the round of replication is never completed 
(in a uvrA host). 	Initiation of chromosome replication will block cell 
division if termination of the initiated round is prevented (7,10, 16). 
Published photographs (12) show that in such a case chrcmosomal DNA is 
also restricted to the center of filaments. 	We therefore assune that 
certain plasnids, like P1, F and coil, have an analogous effect on cell 
division. 	The additional feature, which we can see in this experimental 
system but not, for technical reasons, in the case of chroiroscme replication, 
copy of a 
is that the presence of a single/suclyblocked replicon is sufficient to 
block division at all the many potential division sites (8) in the consequent 
filamentous cell. This observation suggests that the binding of a blocked 
replicon to a single site on the cell membrane may give rise to conformational 
11. 
or structural changes throughout the membrane such as to prevent septation 
at any point and to impede the free segregation of parental cnromosome 
strands. 
If this hypothesis is correct, it might be expected that plasrnid 
mutants which were temperature sensitive for replication might also block 
host cell division at the restrictive temperature. This would be so if 
the mutants were temperature sensitive for replication but not if they were 
temperature sensitive for initiation of replication. 	The latter class, 
according to our hypothesis, would not be expected to block cell division 
and would be lost by dilution at the restrictive temperature. This would 
therefore correspond to the classical F ts mutants first described by Jacob, 
Brenner and Cuzin (15). 	The former class, however, would not be "cured" 
at high tmperature and would "kill" the host cell by preventing division 
at the restrictive temperature. F mutants with this phenotype have recently 
been isolated by Miki (Nozomu Otsuji, personal communication). 	A test of 
our hypothesis would therefore be to compare the block in plasmid DNA 
synthesis (initiation versus replication) in the two classes of Ft mutants. 
In this context it is interesting to note that Scott (23) has described a 
mutant of P1 which blocks host cell division in lysogens at the restrictive 
temperature. 
Acknowledgment 
H.A.M. acknowledges receipt of a Science Research Council Research 
Studentship. 
12. 
Legends to Figures 
Fig. 1. Localization of P1 DNA. Distribution of grains in autoradiographs 
of filaments induced with 3H-thyznine labelled, irradiated P1. 	
Total number 
of grains and filaments = 169. 	Mean filament length = 20.0 pIn; 
standard 
deviation 	10.5 Pm. 
Fig. 2. Localization of prelabelled parental chromosome DNA in P1-induced 
filaments. 	Distribution of grains in autoradiographS of 
3H_thytinelabelled 
parental DNA in P1-induced filaments. (A) Grains are plotted with respect 
to their nearer pole; the two halves of the cell are superimposed. 
(B) Grains are plotted with respect to the "left s ' pole, as defined in the 
text. 	Total number of grains = 468. Total number of filaments = 234. 
Mean filament length = 13.3 pm; standard deviation = 4.9 um. 
Fig. 3. Localization of prelabelled parental chromcsOre DNA in penicillin -
induced filaments. 	Distribution of grains in autoradiographS of 
3E-th'mine 
labelled parental DNA in penicillin-induced filaments. Total number of 
grains 	384. 	Total number of filaments = 192. 	
Mean filament length = 
18.0 pm; standard deviation = 6.9 pm. The skewness is due to the randum 
segregation of DNA strands; if the position of one is fixed.by  the method 
of scoring, there is a higher probability of the other being in the same 
half-cell than in the other half-cell. 
Fig. 4. Chromosome segregation pattern in filaments. A. Distribution of 
grains in autoradiographS of 
3H_thynune-label1ed filaments induced by 
UV-irradiated P1. Total number of grains = 759. Total number of filaments 
158. 	Average number of grains/filament = 4.8. Mean filament length = 6.5 pm; 
standard standard deviation = 2.9 pm. 	B. Distribution of grains in 
autorad.iographS of 31i-thymine-labelled filaments induced by penicillin. 
Total number of grains 458. Total number of filaments = 85. 	Average 
number of grains/filament = 5.4. 	Mean filament length 	
7.5 pm; standard 
deviation 	2.6 pm. 
Li. 
Fig. 5. Localization of irradiated P1 DNA in a P1 lysogen. 	Distribution of 
grains in autoradiographs of penicillin-induced filaments of a P1 lysogen of 
AB1886 which had been infected previously with irradiated, 3H-thyiine-1abe1led 
ill. 	Total number of grains = 119. Total number of fila ments = 119. 
Mean filament length = 9.8 rn; standard deviation = 5.3 U'; 
Fig. 6. Localization of umirradiated P1 DNA. 	Distribution of grains in 
autoradiographs of filaments containing 13H-thymine-labelled P1, and induced 
with penicillin. 	Total number of grains = 240. 	Total number of filaments 
120. ran filament length = 10.1 urn; standard deviation = 3.4 urn. 
As in Fig. 3, the pronounced skewness is due to the random segregation of 
the labelled strands. 
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